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PREFACE. 



This volume has been written in the hope of helping 
students of engineering and architecture to acquire a knowl- 
edge of Statics which will include the power to apply it cor- 
rectly in professional work. To this end an attempt has been 
made to carry out several specific purposes, prominent among 
which may be mentioned the following : 

1. To give much attention to the starting points of the sci- 
ence, and to make as clear as possible the course of deduction 
therefrom. 

2. To point out the inherent mathematical limitations of 
pure Statics, and to show how all its important problems 
are solved. 

3. To develop algebraic and graphic methods of solution, 
or, if one prefer the terms, Analytical and Graphical Statics, 
side by side and with equal thoroughness. 

4. To present a graded set of problems illustrating not 
only universal principles but also how Statics is used in en- 
gineering practice. 

5. Finally, to keep the book of a size commensurate with 
the small amount of new matter which the reader, versed in the 
simplest operations of elementary mathematics, need master to 
gain the desired end. 

It may be pointed out that the phrases Analytical Statics 
and Graphical Statics are avoided. The ground for this is that 

there seems to be no necessity for using them, in this work at 

• • • 

in 
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least, and that the terms seem objectionable as tending to 
obscure the unity of Statics, and to produce the impression 
that two merely alternative methods of procedure from identi- 
cal premises and of identical mathematical significance are 
loosely C9nnected if not actually distinct branches of the 
science. 

The subject will be found developed in the following pages 
in such a way as to make it possible to solve problems from 
the outset by both methods in parallel (as in the plates), and 
the practice of making such double solution is believed to be 
of great value not only for the drill of checking one's own 
work, but also for the clearer light in which each method is 
seen by being kept in close relation to the other. Moreover, 
as the student checks the correctness of his own work, it is 
possible, even with classes of upwards of one hundred, to 
assign different problem data to each student, and still keep 
the labor of inspecting students* work at a minimum. After 
some experience with the two methods side by side, it is 
believed that practice should be had in the rapid solution of a 
large number of varied problems such as can be found in the 
familiar works on Statics, in which a single solution by either 
method is accepted and in which the student judges the 
correctness of his results not only by examination of his 
work, but by reflection upon their reasonableness under the 
conditions. 

Of course many different sources have been drawn upon 
freely for suggestions, methods, and material, but it will not 
be out of place to mention as especially prominent among 
them Rankinc's Applied Mechanics and Hoskins* Graphic 
Statics, and the writer takes pleasure in acknowledging his 
obligation accordingly. Grateful recognition is also due to 
Professor I. N. Hollis for valued criticism. 
Cambridge, Mass., July, 1902. 
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The new matter in the Second Edition, although slight in 
amount, is intended to increase materially the effectiveness of 
the book. It is believed that it will be welcomed by both 
instructors and students. 

The most important additions are a detailed and time-tested 
scheme for assigning individual data for the exercises in the 
text, and a copious collection of practice problems with answers. 
This makes it possible for the first time to carry out the sug- 
gestions of the Preface with regard to these matters without re- 
course to other publications. 

Other additions are a short syllabus — intended to facilitate 
review and to enforce certain important points — and seven new 
double-page plates giving solutions of exercises which have 
been found especially to need such complete elucidation. Several 
pages of the text have been slightly rewritten, a few of the cuts 
have been redrawn, and all known typographical errors have 
been eliminated. 

The new matter appears almost wholly in appendices, and 
the page and section numbering of the first edition remain 
imchanged. 

The collection of practice problems is regarded as of so much 
importance as to merit a few lines of special comment. These 
problems have been gathered from a great variety of sources, 
but most of them have appeared in a couple of pamphlets pub- 
lished several years ago for the author's classes. Thirteen of 
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them which appear now in this list for the first time have been 
taken by permission from Cox's Mechanics. 

It will be observed that this collection of problems is massed 
in an isolated group, is mainly unclassified, that a number of 
repetitions occur, and that little or no specific aid is offered for 
the solution of particular problems. A student thus acquires 
practice in meeting and solving problems upon their individual 
merits, with a minimum of suggestion from neighboring matter, 
miich as he will have to do in engineering practice. The repe- 
titions afford a drill which rarely proves amiss. It will be noted 
further that the problems are almost wholly of a sort in which 
the graphic methods offer no special advantage, the exercises 
in the text having been found to furnish ample drill in the use 
of the graphic methods. 

The author has found that an acceptable way to use such a 
set of problems with his classes is to assign lessons from them 
upon which written recitations or tests are held at frequent 
intervals. Heavy emphasis is laid upon successful work in these 
tests, — success being understood to involve numerical accuracy 
as well as correct use of statical principles. 

The faithful solution of a large number of such problems 
contributes to a vigor and likelihood of success in applying the 
subject which is not only indispensable, but is hardly to be 
obtained in any other way. 

Cambridge, Mass., July, 1908. 
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STATICS 



PART I. 

GENERAL PRINCIPLES AND METHODS. 



INTRODUCTION. 

I. Algebraic and Graphic Methods Compared^ — There 
are two methods of representing quantities for the purpose of 
computation, one in which numerals or letters are used — the 
algebraic or so-called analytical method — and the other in 
which quantities are represented by the lengths and relative 
positions of lines — the graphic method. 

The quantities of higher mathematics, such as imaginaries 
and infinitesimals, can be treated algebraically only. On the 
other hand, many complicated relations, such as profiles of rail- 
road lines and the varying pressure in a steam cylinder, can 
be comprehended and made subjects of computation or measure- 
ment only by graphic representation. 

The great bulk of ordinary arithmetic and trigonometric 
calculation can be done by either method, and which of the two 
should be selected is purely a matter of expediency. In the 
fundamental operations of arithmetic — addition, subtraction, 
multiplication, division, involution, and evolution — the graphic 
method is either so simple and obvious that it is rarely thought 
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of as a formal method in connection with them, or else so dis- 
advantageous as to be little used. 

Problems involving much finding and summing of products 
or involving trigonometric or complicated geometric relations 
are found to be an advantageous field for the use of graphic 
methods, and in this field, graphic methods assume a place of 

« 

relative importance. 

Problems in equilibrium are of precisely this sort, and 
graphic methods of dealing with them have been developed very 
extensively, and even named, as a body, Graphical Statics, in 
distinction from the body of algebraic methods in statical prob- 
lems — called Anal3rtical or Algebraic Statics. All these 
terms, as pointed out in the preface, seem objectionable to the 
writer and will not be used further in this work. The terms 
algebraic method and graphic method will be used in their 
stead. 

The underlying principles and the procedure in both meth- 
ods are, of course, scientifically correct, but they differ in the 
degree of precision attainable. The precision of results in 
algebraic computation depends upon the extent to which deci- 
mals or significant figures are carried out, and in graphical 
work upon care and skill in draughting. Jn the former case 
absolute precision may be approached as closely as the com- 
puter may care to go, but in the latter early bounds are set by 
the limitations of draughting appliances and human eyesight. 
Sometimes it is worth while to use a combination of the two 
by sketching more or less roughly the desired diagrams and 
calculating trigonometrically instead of scaling the lengths of 
resulting lines. This of course is the algebraic method itself 
so far as precision goes.. 

Whatever may be said about their relative precision and 
scope, it is certainly true that neither method can yield a result 
more accurate than the data from which it is derived. In 
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structural design, the data are rarely or never known to a de- 
gree of accuracy greater than the degree of precision readily 
obtained in graphic computation, so that actually, from the 
point of view of the designing engineer, one method may 
be said to yield results as trustworthy as the other. As 
already stated, the two methods are of equal correctness in 
principle. 

The choice between one method or the other for a given 
problem before an engineer is a matter of convenience, but in 
many cases both should be used for the sake of the check upon 
results thus obtained. 

The graphic method has the advantage, sometimes impor- 
tant, that it presupposes a knowledge of little or no mathe- 
matics beyond the elements of plane geometry, while the 
draughting appliances required in its use are of the simplest. 

'2. History of Graphic Methods in Statics. — Knowl- 
edge of the graphic methods in statics and of their importance 
and scope is due mainly to the efforts of the late Professor 
Culmann of Zurich. Prior to 1 866, when he published his great 
work, **Die Graphische Statik," the subject had attracted 
little attention and thete existed only scattered and frag- 
mentary writings on it. Culmann died after completing the 
first, only, of his contemplated volumes, but he had thor- 
oughly established the subject, and interest in the graphic 
treatment of statical problems steadily spread through the 
engineering world. Among other names to be prominently 
associated with the development of the graphic methods are 
Bow, Maxwell, Mohr, W. Ritter, Cremona, Miiller-Breslau, 
L6vy. 
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DEFINITIONS AND PRELIMINARIES. 

3. Mechanics is the science which treats of rest and 
motion. It is subdivided into Kinematics and Djrnamics. 

Kinematics treats of motion apart from its causes. Its 
scope is accordingly limited to the consideration of the paths 
of moving bodies and of that aspect of velocity and accelera- 
tion which involves only the relations between space and time. 

Dynamics treats of the effect of forces upon rest or motion. 
It is subdivided into Kinetics and Statics. Kinetics deals 
with the cases in which given forces produce a change in a 
body with respect to rest or motion, and Statics with the cases 
in which no such change is produced. 

Kinetics accordingly deals with the velocity and accelera- 
tion of given bodies resulting from given forces, and with such 
topics as work and energy, momentum, centrifugal force, 
impact, etc. Statics is concerned exclusively with the con- 
ditions under which a body under the action of forces will 
remain at rest or undergo no change of motion.* 

Statics — henceforth the exclusive subject of this book — is 
accordingly the science of equilibrium, of stability — the science 
by the aid of which are determined the forces necessary to 

* The four terms Kinematics, Dynamics, Statics, and Kinetics have an etymo- 
logical fitness which is worth noticing. Kinematics is from Gr. kinema^ motion; 
Dynamics from Gr. dyfiamis, force; Kinetics from Gr. kitutikoSy putting in motion; 
and Statics from Gr. statikos, causing to stand. 

4 
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maintain a body undisturbed in its rest or motion in spite of 
disturbing tendencies, the forces which must interact between 
the various parts of the body to prevent its disruption under 
the action of given forces, and moreover the position in which 
a body or system of bodies under a given set of forces will be 
at rest. 

4. Rigid Body. Particle. — A rigid body is a body con- 
ceived to be incapable of change in shape or size under the 
action of forces. Such a body could be affected only as a 
whole by forces which act upon it. Hence to state that the 
body concerned in any problem is rigid or is to be so consid- 
ered is equivalent to stating that no thought is expected to be 
given to the possibility of the problem being complicated by 
the deformation or rupture of the body. 

Although no such thing as a rigid body exists in nature, 
all solids approximate rigidity to a greater or less extent. In 
the case of solids subject only to forces well within their capac- 
ity to withstand them without objectionable deformation, such as 
all properly designed engineering structures, the approximation to 
rigidity is very close, and for the purposes of statics no material 
error results from assuming complete rigidity in such cases. 

A complete examination into the safety of an engineering 
structure involves {a) the determination of the forces acting on 
the body or transmitted through its various parts ; and (Jb) the 
study as to whether the body and its parts are able to resist 
such forces without rupture or undue deformation. In the first 
step the body is assumed rigid, because the results of the step 
are practically the same as if the body were rigid, and in the 
second the lack of rigidity is clearly recognized and provided 
against. The first step falls within the domain of statics, and 
the second within that of the kindred science. Resistance of 
Materials. 

In statics it is the general practice to treat bodies as if they 
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were rigid, unless distinctly stated to the contrary, — ^actual 
lack of rigidity being taken into account only as an aid in the 
solution of certain complex problems which would otherwise 
be indeterminate. 

A particle is a rigid body of the smallest conceivable di- 
mensions. It is also called a material point, or, for short, 
simply a point. 

Every problem involving forces implies the existence of 
bodies or particles on which the forces act. 

5. Rest and Motion. — Rest is the relation existing be- 
tween two points when a line connecting them does not change 
either in length or in direction. If, on the other hand, the line 
does change in either length or direction, the relation between 
the points is motion. This line can change in one or both of 
these two particulars only, and motion can accordingly be 
divided into two corresponding classes only, translation and 
rotation. 

If the line between two points changes in length, one point 
is in translation with regard to the other. If the change is in 
direction, one point is in rotation about the other. 

Two bodies are at rest with regard to each other when 
every point of one is at rest with regard to every point of the 
other. 

Two bodies are in motion with regard to each other when 
any point of one is in motion with regard to any point of the 
other. 

The motion of a body is translation when any point of that 
body describes a straight line. If all points of the body de- 
scribe straight lines, the motion is pure translation. 

The motion of a body is rotation when such points as 
change in position at all describe sets of concentric circles in 
parallel planes. 

The common normal to these planes which contains the 
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centers of all the circles is called the axis of rotation. This 
axis may or may not traverse the body, but any points not 
. changing in position must be contained in it. If the axis of 
rotation is fixed in position, the motion is pure rotation. 

Of course there can be compound translation, as that of a 
body sliding across the deck of a moving ship ; or compound 
rotation, as that of the moon about its own center, and also 
about the earth; or combined translation and rotation, as that 
of a ball rolling in a straight path. 

Two bodies at rest with reference to each other may be 
moving with respect to a third. Rest, then, far from meaning 
absolute motionlessness, means only motionlessness with 
regard to a definite body of reference, which in our work will 
usually be understood to be the earth. 

It may be added that translation can be regarded as the 
extreme case of rotation in which the axis is at an infinite 
distance, and instead of two subdivisions of motion, rotation 
alone might be regarded as covering the whole ground. This 
point of view, however, will not be convenient for the purpose 
now in hand. 

The motion of a body is the condition of a body with respect 
to rest or motion, rest being included in the term as a special case. 

6. Force. — Force is an interaction between two bodies, 
cither causing or tending to cause a change in their relative mo- 
tion. A force may always be conceived of as a push or a pull. 

Forces are designated by single capital letters as P, Q, R, 
etc. In graphical work more elaborate designations are 
needed, which will be explained in Chapter II. 

7. Elements of a Force. — In order that a force may be fully 
known, three characteristics of it, which will be spoken of as 
elements, are essential and sufficient, viz. : 

1. Magnitude. 

2. Direction (including sense). 

3. Point of Application. 
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8. Magnitude. — The magnitude of a force is given by stat- 
ing numerically the ratio of its effectiveness in producing trans- 
lation to that of some arbitrarily selected standard force, 
usually the force of gravitation on a certain mass of standard 
material at a certain level and latitude; i.e., to the amount 
of force exerted by gravitation on the standard pound or other 

standard weight. In other words, the magnitude of a force 
is stated in units of weight. 

The absolute unit of force, that is the force which, acting 

for a unit length of time on a unit mass of material, will give 

rise to a unit velocity, is not used in statics. 

9. Direction and Sense. — The direction of a force is the 
direction of the line along which the force tends to produce 
motion, i.e., of the line of action of the force. Direction in-, 
eludes the sense of the force as well as the slope of its line of 
action. By sense is to be understood the specification as to 
which of the two ways along the line of action the force 
tends. 

Sense is the distinction between forward or back, up or 
down, to right or left on a given line. It is merely a matter 
of algebraic sign, requiring no separate equation for its deter- 
mination, and hence is not ranked as an element. 

10. Point of Application. —The point of application is the 
place (treated as a point) upon a body where the force is brought 
to bear. This point is, of course, upon the line of action and, 
together with the slope, it locates that line. 

In the case of rigid bodies, any point whatever on the line 
of action of the force may be taken as the point of application.* 

Change in the point of application of a given force affects 
the body only as to rotation, not at all as to translation. 

* This will be seen upon adding anywhere in the line of action of the force two 
opposite forces coincident with it and both equal to it in magnitude. The three, 
obviously equivalent to the original, amount simply to a new one just like it. 



\ 



DEFINITIONS AND PRELIMINARIES. 9 

11. Coplanar and Non-Coplanar Forces. — Forces are 
spoken of as coplanar and non-coplanar according as their 
lines of action do or do not lie in one plane. 

Except where distinctly stated to the contrary, and except 
where statements are evidently general (as in the whole of this 
chapter), coplanar forces will form the exclusive subject oi 
these pages. This limitation conduces to simplicity without 
real loss of generality, for coplanar forces once understood, 
the treatment of non-coplanar forces will offer little difficulty 
to the unaided reader. 

12. Concurrent and Non-Concurrent Forces.— Forces are 
spoken of as concurrent or non-concurrent according as their 
lines of action do or do not meet in a point. Of course, either 
may or may not be coplanar. The study of concurrent forces 
is sometimes spoken of as statics of a particle, and of non- 
concurrent forces as statics of a rigid body. 

Whether a set of forces is concurrent or not is a matter 
affecting rotation only, the translatory effect of a force being 
independent of its point of application. 

13. Equilibrium. — Equilibrium is that condition of a set 
of two or more forces the result of which is that their combined 
effect on a body produces no change in the motion of the body, 
a change in motion being understood to include a change in 
direction as well as in speed. 

A body is said to be in equilibrium when it i$ acted on by a 
set of forces in equilibrium. 

A body in equilibrium may be either at rest or moving with 
uniform speed, either of translation (in a straight line) or of 
rotation about an axis through its center of gravity, or both. 

If the body be moving in any of the ways just mentioned, it 
is the result of a force or system of forces no longer in action, 
and any forces acting upon the body without changing such 
motion (either in speed or direction) are forces under which the 
body could equally well be at rest. 
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A set of forces, therefore, under which a body will be at 
rest is always a set in equilibrium ; or, in other words, condi- 
tions of rest are always conditions of equilibrium. It follows 
that, by establishing the conditions of rest, the familiar most 
usual phase of equilibrium, we establish the general, universal 
conditions of equilibrium. 

14. Equiyalence. — Two forces or sets of forces having 
identical effects on the motion of a body both with respect to 
translation and to rotation are termed equivalent. 

15. Resultant and Equilibrant. Composition of Forces. 

— A single force equivalent to a set of forces is called the 
resultant of the set. A single force the addition of which 
to a set of forces produces equilibrium is called the equilibrant 
of that set of forces. The resultant and the equilibrant for a 
•given set differ in sense only, i.e., one is simply the equal and 
•opposite of the other. Of a set of forces in equilibrium any 
'one of them is the equilibrant of all the rest. The operation 
'of finding the resultant or equilibrant of a set of forces is called 
Composition of Forces. 

16. Components. — Any one of a set of forces having a 
given resultant is a component of that resultant. Evidently 
there may be any number of components of a force. 

Rectangular components of a force are two components 
equivalent to it whose lines of action are at right angles to 
each other. 

A component in a given direction is understood to be the 
one of a pair of rectangular components whose line of action is 
parallel to the given direction. Such a component measures 
the total tendency of the given force to produce motion in 
the given direction. 

17. Relation between Two Components and their Result- 
ant. Parallelogram of Forces.* — If the adjacent sides of a 

* See also § 29 for demonstration and additional discussion of the parallelo- 
gram of forces. 
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parallelogram represent two concurrent forces in magnitude and 
direction, the diagonal of this parallelogram starting at the in- 
tersection of these two sides will represent their resultant in 
magnitude and direction, provided the two forces act either 
both toward or both away from this intersection. The result- 
ant will then also act toward or away from the point of inter- 
section as the case may be. Ordinarily the components are 
regarded as acting away from their common point, and accord- 
ingly the resultant also. 

Corollary. — If a be the inclination of any force, P, to any 
given line, the components along and at right angles to this line 
will have the magnitudes P cos a and P sin a respectively. 

Exercise i.* Components. Find the components, both algebra- 
ically and graphically, of a force P whose magnitude, direction, and 
point of application are 20 lbs., 90° , and (2, 6) respectively, along the 
axes of -AT and F, and also along five lines, M\ N\, M^ N^^ Af, Nt, M4 N^ 
Mh A'», inclined to the axis of -AT by 45**, 60**, 120"*, 45*, and 30"* respec- 
tively, and which pass through points (o, o), (-6, o), (6, o). (8, o), and 
10, o) respectively. 

Suggestions as to Graphic Work. 

Use as scales i in. = 10 lbs. and 4 units of length. Plot the line of 
action of P in its proper relation to the preferably horizontal and vertical 
axes of coordinates and the given lines Mi M . . . M^ N%. This will serve 
as a diagram of data for both methods. The problem can now well 
be stated in condensed form across the top of the sheet. 

Show P apart from this diagram with the proper direction and with 
the magnitude marked off on it to scale. At a little distance from it, 
draw parallels to all the given lines. Construct the required com- 
ponents, scale, and show results in their proper places with dimension 

lines. 

Suggestions as to Algebraic Work. 

Determine the angles between the line of action of /* and each of the 

seven given lines. Proceed with the necessary computations using this 

form: 

0.707 
For Mx Nx, 20 cos 45' = 14.14. 

" M% A^a, etc. 



* For the solution of this and all the following exercises, sheets of paper about 
12X18 inches, preferably ruled in inch and tenth-inch squares, are recommended 
as affording sufficient room, and as convenient in shape for the double solutions 
usually required. 
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Finally collect results and show them in parallel columns thus : 

Line Gr. Al. 

Ml Ni 14. 1 14.14 

Questions on Exercise i. 

How does the line M Ni differ from MM^ ? 

What difference does this cause in the components along these two 
lines ? 

How would changing the point of application of P to say —3, 5, or 
elsewhere, affect the results of this exercise ? 

From the seven components found, can two be selected which would 
fully replace P if properly located ? Is more than one such selection 
possible ? 

What would have to be the location of such components in order that 
they might replace P ? 

i8. Couples and their Moments. — Two equal and oppo- 
site forces with parallel lines of action constitute a couple. 
The sole tendency of a couple is to produce rotation. The 
measure of a couple, which can be nothing else than the 
measure of its tendency to produce rotation, is called the 
moment of the couple. 

It has been observed as one of the fundamental laws of 
matter that the moment of a couple is proportional alike to the 
common magnitude of the forces of the couple and to the 
shortest distance between their lines of action.* This distance 
is called the arm of the couple. The product of such magni- 
tude and arm expresses the moment of the couple. 

The unit couple consists of two forces of unit magnitude 
with unit arm, and its moment is the unit for measuring 
couples. This unit is called, in the English system, inch- 
pound, foot-pound, foot-ton, etc. It must not be confounded 
with the units of work and energy with the same names. 

The sense of a couple will be called positive or negative 
according as its tendency is clockwise or not. 

The plane of a couple once known nothing further need be 

* This fundamental law is conveniently spoken of as the Law of the Lever. 
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known of it but its moment, including, of course, the sense of 
the possible rotation. 

Either of the forces of a couple can be treated for computa- 
tion exactly like one of any other system of forces. 

The effect of a couple is the same wherever in its plane or 
in a parallel plane its forces may be applied. 

Couples in the same plane can be summed by summing 
their moments, and a couple equivalent to the set can be thus 
evaluated, just as forces in the same straight line can be 
summed by summing their magnitudes with the effect of 
evaluating a force equivalent to the set. In such work, sense 
mus^ of course, be duly regarded. 

19. Center of Rotation for a Couple. — The center of rota- 
tion for a couple may be anywhere in its plane, and is deter- 
mined only by the relative motions of the bodies from which 
come the forces constituting the couple. 

An interesting and important special case is that in which 
only one of the forces can be maintained in action at successive 
points of application. The center of rotation will then be the 
point of application of the other force, a familiar illustration 
being a pulley and belt. The point of application of the resist- 
ance of the shaft cannot change, while that of the force from 
the belt retreats freely as the pulley turns. The center of 
rotation is accordingly at the center of the shaft. 

20. Single Force Always Replaceable by a Single Force 
and a Couple. — Let P (Fig. i) be any force applied to a body 
and m be any point in the body. 

Suppose two additional forces, P' and 

P'\ opposite in sense, parallel to P 

and of the same magnitude as P, to 

be applied to the body at m, distant p 

from the line of action of P. Evidently F^g- i- 

the condition of the body is unchanged, but the three forces 




14 STATICS. 

are seen to be equivalent to P with a new point of application 
w, and a couple of value P y, p. 

Hence it may be stated that any force P can be replaced 
by a force of the same magnitude and direction distant / from 
its original position, and a couple of the value P y^ p. In 
other words, points of application of forces can be shifted at 
will without effect on equilibrium, if, at each change, a suit- 
able couple be added to the system. 

Any set of non-concurrent forces can thus be reduced to an 
equivalent set of couples and concurrent forces. 

21. Moment of a Force. — The moment of a force with re- 
spect to a point is the name given the moment of the couple 
consisting of the given force, and a force equal, opposite, and 
parallel to it conceived to be acting at the given point.* 

The arm of this couple is evidently the perpendicular dis- 
tance from the point to the line of action of the given force, a 
distance which may conveniently be called the arm of the force 
with respect to the point. 

The moment of a force with respect to a point is accordingly 

expressed by the product of the magnitude of the force into its 
arm, and is called positive or negative according as the con- 
ceived tendency to rotation is clockwise or not. 

The point to which the moment is referred is commonly 
called the center of moments, or, more briefly, the center. 

The moment of a force is sometimes referred to an axis, 
meaning thereby the axis of the conceived rotation. This axis 
will be the straight line through the center normal to the plane 
of the force and its arm. The moment with respect to this 

* Note that this is the same thing as saying that the moment of a force with 
respect to a point is the measure of its tendency to produce rotation about the 
point, assuming the point to be fixed. For assuming the point to be fixed is 
really assuming it to be always subject to a force equal, opposite, and parallel 
to the given one. This point of view gives rise to the phrase moment of a 
force about a point. 



DEFINITIONS AND PRELIMINARIES. 



IS 



axis is also spoken of as the moment with respect to the plane 
which contains this axis and is parallel to the force. 

Exercise 2. Moments of a Force.— Find the moments in foot- 
pounds, both in magnitude and sign, of a force of 20 lbs., whose direction 
and point of application are respectively 60° and (6, 2), about the five 
points (o. o), (-3, —6). (8, o), (- 5, 2). (4, — 3). 

a. Obtain the results in the most direct way, by scaling arms from a 
carefully plotted diagram of data. Note that the result necessarily lacks 
precision and is affected by errors in draughting. Scale i in. = 2 ft. 
Show scaled dimensions in the diagram. 

b. Obtain the results by adding algebraically obtained moments of 
components of the given force — a purely algebraic process. Note that 
the results are wholly independent of draughtsmanship and make a rigid 
check of results of (a) and can be made as precise as the nature of the 
case permits. 

Do the work in this form : 






= 20 
20 

etc. 



X 
X 



• 



? 



0.500 

Vl/i = 20 cos 60° X 2 - 
1 0.0 

M^ = etc. 
Record results in this form : 



0.866 
20 sin 60** X 6 = 20.00 — 103.92 = — 83. 92 

17.32 





a 


b 









22. Propositions Regarding the Moment of a Force. — 

There follow at once from the definition of the moment of a 
force the three following important propositions. 

I. For a force greater than zero, the moment can be zero 
only with respect to a point in its own line of action. 

II. A zero moment with respect to a point off a stated line 
of action can result only from a zero force in that line. 

III. A zero force with an infinite arm can have a finite 
moment. 
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The ** zero force with an infinite arm ** of the last proposi- 
tion is simply a way of expressing any couple, as will be seen 
later. 

23. Proposition. — The sum of the moments of two equal, 
opposite, and parallel forces (i.e., the moment c/ a couple) is 
constant for all points in their plane. 

This the reader can readily prove for himself by taking any 
center and summing for it the moments of the two forces, using 
any convenient letters for their arms. 

24. Sets of Forces Classified. — It follows from § 5 that 
all possible conditions of a body with respect to motion fall 
within one of four classes, viz. : 

1. Translation. 

2. Rotation. 

3. Both Translation and Rotation. 

4. Neither Translation nor Rotation. 

Any set of forces must accordingly be such as will produce 
one of these four conditions. We know by observation that 
a single force will produce translation and that a couple will 
produce rotation. Knowing also that translation and rotation 
can also result from sets of forces, we unhesitatingly conclude 
that for producing translation, a set could be replaced by some 
single force and for producing rotation, by some couple. 
Translation being the result of a single force or a set equiva- 
lent thereto, and rotation the result of a couple or a set 
equivalent thereto, it follows that any set of forces must fall 
into one of four classes corresponding to one of the four con- 
ditions of a body mentioned at the outset of this section. 

Any set of forces is therefore reducible to one of the follow- 
ing equivalents, viz. : 

1. Single Force, 

2. Couple, 

3. Single Force and Couple, 

4. Neither Single Force nor Couple, 
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corresponding respectively to the four conditions of a body just 
mentioned. 

Of course, the last named of these conditions is equilibrium. 

It should be pointed out, in passing, that a force and a 
couple in the same or parallel planes are reducible to a single 
force, and that the non-reducible case of a force and a couple is 
that in which the force is not parallel to the plane of the couple. 

25. Conditions of Equivalence. — Theorem.* — ^If, for two 
sets of forces in a given plane, the sum of the moments of the 
forces about three points not in the same straight line be the 
same for each set, the two sets are equivalent. 

Proof. — As shown in the preceding section, each of the 
two sets must be reducible to a single force, a couple, or is in 
equilibrium, there being no possibility of the non-reducible case 
of a force and couple since the forces are coplanar. There can 
accordingly be but six different combinations of sets from this 
point of view. They and their respective relations to the 
theorem are as follows: 

{a) Each set reducible to a single force, — Upon considera- 
tion of the moment of a force, as defined in § 2 1 , it is apparent 
that two forces can have the same moment about a point only 
when the point is distant from their lines of action inversely as 
the magnitudes of the forces. In a given case any point out- 
side a definite straight line cannot meet these conditions, 
except in the special case when the two forces are coincident, 
and of the same magnitude and direction, i.e., when the forces 
are equivalent. Therefore equality of moments for each of 
three points not in the same straight line demonstrates equiva- 
lence for this combination of sets. 

*This theorem appears here simply as a preparation for § 29, and may be 
ignored by those who prefer to regard the Parallelogram of Forces as established 
directly from observation, rather than to deduce it from the Law of the Lever 
as is done in § 29. ' 
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(b) Each set reducible to a couple. — ^The moment of a 
couple (§ 23) being a constant for all points in its plane, equal- 
ity of moments for the two sets for any one point demonstrates 
equivalence for this combination. 

(^) Eac/i set in equilibrium, — The two sets are equivalent 
by definition, and the sums of their moments are bound to be 
equal for any and all points. The constant value of this sum is 
of course zero. 

{d) One set reducible to a single forces the other to a 
couple, — necessarily non-equivalent. — As in combination I., 
the moments here could be equal only for points on a definite 
straight line. Their being equal for each of three points not in 
a straight line would exclude the possibility of this combination. 

{e) One set reducible to a simple force ^ the other in equi- 
librium, — necessarily non-equivalent. — Equality of moments 
could then arise only for points on a definite straight line — the 
line of action of the single force. Equality for each of three 
points not in a straight line would exclude the possibility of this 
combination. 

{/) One set reducible to a couple^ the other to equilibrium^ 
— necessarily non-equivalent. — Here equality of moments 
could exist for no point whatever. Equality of moments for 
all points or any point excludes the possibility of this combina- 
tion. 

Since in all of the possible combinations of sets of forces, 
the equality of the sums of the moments of the forces of the 
two sets for three points not in the same straight line is impos- 
sible without equivalence in |he sets, the theorem is proved. 

Corollary. — If the sets are equivalent, their moments are 
equal for all points in the plane and conversely. 



CHAPTER 11. 
NOTATION AND CONVENTIONS. 

26. Notation. Conventions Regarding Elements of 
Forces. (For illustrations see § 28.) — Magnitude is expressed 
in algebraic work by numerals or letters ; in graphic work by- 
lengths of lines. The capitals P, Q, R, etc., are used both 
as general designations of forces, and also as the magnitudes 
of these forces when the magnitudes are not given numerically. 

Magnitudes may always be regarded as essentially posi- 
tive. If, in solving an equation, the value of a magnitude ap- 
pears to be negative, it is to be understood, nevertheless, that 
the force is positive as usual, but that its sense is opposite to 
that assumed in stating the equation. 

Direction can be expressed in algebraic work by the angle 
(a, tf, etc., or 30'', 60°, etc.) which the line of action makes 
with, say, a horizontal line, and, by suitable convention, sense 
can readily be included in direction. The convention as to 
sense which will be used in this work will be the familiar one 
of trigonometry, in which the angles are measured anti- clock- 
wise from a horizontal axis continuously from 0° to 360°, the 
measurement always being made to that portion of the line of 
action on which the sense will be away from the horizontal 
axis. Accordingly, for example, a force with direction 30"* 
would be one to the right and upwards; one of 210°, to the 
left and downwards. 

Sometimes when the line of action of a force is known but 

19 
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the sense as well as magnitude unknown, it will, as above in- 
timated, be convenient, for the algebraic determination of the 
sense, to permit it to be indicated by the sign of the root of the 
equation which determines the magnitude. The sense once 
determined, it should finally be associated with direction as 
usual . t 

Direction is expressed in graphic work by the slope of a 
visible line, and sense is distinguished by an arrow placed 
upon the line. 

The point of application is expressed in algebraic work by 
coordinates (one of which it will often be convenient to make 
zero) and in graphic work by points properly plotted. 

27. Space Diagram and Magnitude Diagram. — To com- 
pute graphically with forces, two distinct but intimately related 
diagrams are from the nature of the case necessary, viz., the 
Space Diagram and the Magnitude Diagram. 

In the space diagram only directions and points of appli- 
cation are plotted, and only points of application are determined. 

In the magnitude diagram only magnitudes and directions 
are plotted, and only magnitudes and directions determined. 

The scale of the former is that of lengths, as inches, cen- 
timeters, etc., while the scale of the latter is the scale of force 
units, as pounds, kilograms, etc. 

Forces are designated in the space diagram by small let- 
ters on each side of the line of action, and in the magnitude 
diagram by the corresponding capital letters at each end of the 
proper line. This particular style of lettering is Bow's sys- 
tem. It has great advantages over any other. 

Other convenient characters may be affixed to either dia- 
gram. See Figs. 2 and 3. 

28. Illustration of Scheme of Notation. — The scheme 
of notation enunciated in the two preceding sections may 
be illustrated fully by taking two forces, P^ and P^^ their 
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magnitudes, directions, and points of application being as- 
sumed respectively to be 20 lbs., 240°, (o, 4), and 40 lbs., 
150, (6, o). 

Putting them in their most condensed form algebraically, 
they may be written 

Pj = (20 lbs. 240° o, 4) 
P^ = (40 lbs. 150° 6, o). 




space Diagram 
Scale, X in. =: 8 ft. 

Fig. 2. 




Magnitude Diagram 
Scale, X in. = 60 lbs. 

Fig. 3. 



Graphically the same data would be shown as in Figs. 
2 and 3. 



CHAPTER III. 

PARALLELOGRAM OF FORCES AND ITS DERIVATIVES, 
THE TRIANGLE OF FORCES. THE MAGNITUDE POLY- 
GON, AND THE STRING POLYGON. 

29. Demonstration of the Parallelogram of Forces.* 

Theorem. — If two concurrent forces, P and j2> both taken as 
acting away from their common point My be represented in 
direction and magnitude by two sides of a parallelogram 
meeting at M, their resultant,. R, is represented in all its 
elements by the diagonal starting at M, 

Proof. — From the corollary of § 25 it follows that the 
theorem will be proved if it can be shown that the sum of the 
moments of P and Q about all points in the plane is equal to 
the moment of R about all such points O, 

Let (Fig. 4) /, q, and r be the arms respectively of P, Q, 
and R with reference to where is any point whatever in 
their plane, and, noting the diversity in sign between the mo- 
ments of P and Q, we have only to prove that Rr = Pp — Qq, 

* The parallelogram of forces was first pointed out to the world in 1687 by 
Sir Isaac Newton and Varignon, probably independent of each other. The above 
is only one of many known proofs. It is closely akin to that of Rankine, 
Applied Mechanics, 15th ed., p. 35. See Bowser's Analytic Mechanics, p. 24, 
and Weisbach's Mechanik, I, p. 165. 

Many take the view that this proposition is simply to be accepted as an 
observed truth, just as has been done in § 18 of this work with regard to the Law 
of the Lever. But the Law of the Lever is so much more simple and familiar 
a conception and so much more readily verified experimentally that the deduc- 
tion of the Parallelogram of Forces from it seems a more natural course. Sup- 
port for this view can be found in the fact that nearly two thousand years elapsed 
between Archimedes and his knowledge of the lever and the discovery of the 
Parallelogram of Forces. 

22 






PARALLELOGRAM OF FORCES AND ITS DERiyATiyES. 23 

The point common to P and Q being Af, with coordinates 
jr and y referred to axes, OX amd OY parallel respectively to 




Fig. 4. 

P and Q, the values of the arms can be written directly from 
the figure, calling the inclination oi P to Q and R, od and a 
respectively, 

P =^ y sin cw, 
q z= X sin c«?, 
r := y sin (g? — tr) — ;r sin a. 

From the figure, as a condition that R may be the diagonal 
of the parallelogram, by the theorem of sines 

R sin (00 — oi) , ^ R sin a 
P = ;- — and Q = — : . 



sm cj? 



sin 00 



Substituting these five values in the equation Rr =Pp—Qq 
as a means of testing its validity, there results 

m 

Ry sin (c» — a) — Rx sin a = 

R sin {qo ^ a) y sin (w i? sin n' ;r sin <w 
sin CO sin (i? * 
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or y sin (ai— a) — re sin a * y sin (a> — a) — :xr sin a, 
an identity,* and the theorem is provcd.f 

Corollary I. Three forces in equilibrium must meet in a point. 

Three forces may be parallel and still be in equilibrium — a 
fact not at variance with the preceding sentence if parallel forces 
be considered a limiting case with a common point at infinity. 

Corollary II. With rectanglar axes, and with {x, y) as any 
point on the line of action of any force, it appears from the 
value of f , that the arm of any force referred to the origin is 

a = y cos a—x sm a, 
where a is the direction of the force. 

30. Triangle of Forces. — Observe in the parallelogram of 
forces of Fig. 4 that R divides the parallelogram into two equal 
triangles, MAB and MAC, either of which shows fully the 
relations between two forces and their resultant as to magnitude 
and direction. Either serves the same purpose as the whole 
parallelogram so far as these two elements are concerned, 
and will be used in place of it under the name > triangle of 

forces. 

Observe that if the three forces are in equilibrium the 
arrows will follow one another around the triangle, and that 
in case all the arrows do not follow one another the two forces 
for which they do follow have the third for a resultant. 

* It hence appears that the Principle of the Lever and the Parallelogram of 
Forces are merely difiFerent forms of statement of the law of nature connecting 
two components and their resultant. 

While these two forms of statement of this law are all which will be employed 
in this book, it may be added that two others, in the order of their discovery com- 
ing between the two just stated, are sometimes seen, one from the point of view 
of the inclined plane, the other based upon the Principle of Work. Any one of 
these four forms of statement could, of course, be accepted as the observed truth 
from which all the others are deducible. Cf. Cox's Mechanics, Chap. VIII. 

t Observe that, whatever the location of M and the direction of the forces P 
and C» the signs connecting Pp and Qq in Rr=^Pp — Qq, and those connecting y 
sin {10 — a) and x sin {(o — a) in the expression for r are always identical and that 
the identity here noted is not dependent upon special conditions. 
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Observe also in the triangle of forces that one of the three 
forces must always be shown in a line of action not its own ; 
in fact it will usually be found convenient to use parallels to 
the actual lines of action of all the forces. This gives rise to 
the magnitude diagram of § 27. 

From the triangle of forces it follows that if a be the incli- 
nation of a force P to a given line, P cos a and P sin a 
measure the components of P parallel and normal to that line 
respectively (cf. Cor., § 17). 

31. Polygon of Forces. Location of Resultant of Inclined 
Forces. Magnitude Polygon. — The resultant of any set of 
forces can be determined in magnitude and direction by form- 
ing a polygon with its sides proportional to the magnitudes of 
the given forces, and parallel to them, with arrows following 
one another. The magnitude and direction of the resultant 
will be shown by the closing line of the polygon, the proper 
sense being away from the starting-point. 

This follows immediately from the triangle of forces, as 
will be seen from Fig. 5, where the process of finding the mag- 
nitude and direction of the resultant of the four forces ab^ bcy 
cdy and de is shown in detail. 

AB combined with BC by the triangle of forces, Fig. 5^, 

leads to their resultant A C, which is in position to be combined 
at once with CD to yield -4Z?— the desired resultant of A By 
BCy and CD, This process can obviously be continued indefi- 
nitely. The partial resultants are seen to be actually super- 
fluous in the construction, and the polygon ABCDE might have 
been built up without them. This polygon is commonly called 
the polygon of forces, but the more distinctive name, the 
magnitude polygon will be preferred in this book. 

Observe that while the magnitude polygon does not locate 
the points of application oi ACy ADy or AEy it still furnishes 
important aid in finding them. We need only to observe that. 
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in accordance with the parallelogram of forces, the point of 
application of -4 C is at the intersection of ab and be. Then ac 





Fig. 5. 

can be drawn, and where it cuts cd is a point of ad. Drawing 
ad, where it cuts de is a point of ae^ and so on for any number 
of forces. 

A method applicable to parallel forces will be developed 
presently. 

Corollary. If the last point of the magnitude polygon co- 
incides with the first point, i.e. if the polygon closes, the result- 
ant is zero and the set of forces is equivalent to a couple or is 
in equilibrium, according to the relative positions of the given 
forces. 

32. String Polygon. — As has been seen, the magnitude 
polygon takes into acqount only magnitudes and directions of 
forces. The next step is to establish the general method by 
which points of application are taken into account and deter- 
mined. This method involves a construction in the space dia- 
gram in close relation with the magnitude polygon, which may 
be developed as follows. 

With any given set of coplanar forces, assume the addition 
of any force whatever, its magnitude, direction, and point of 
application being chosen entirely at random or to suit con- 
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venience. Find, by aid of the magnitude polygon, the mag- 
nitude and direction of the second force that would have to be 
added to the set to close the magnitude polygon for the given 
set //«j the assumed force. This second force would be the 
resultant of the new set, and if properly located in accordance 
with the method of §31, would be a force which, together 
with the assumed force, would make a, set of two forces which 
would be equivalent to or balance the given set according to 
the senses ascribed to them. 

The senses of the assumed force and its mate will be con- 
fluent in the magnitude polygon, and if they are also confluent 
with the rest of the set, the two would balance or equilibrate 
the given set ; if they are not so confluent, they would be two 
forces together equivalent to the given set. 

Thus two forces can always be determined, which will be 
equivalent to any given force or to any given set of coplanar 
forces, no matter how complicated, and they will furnish the 
desired means fox taking account of points of application. 

It may be observed that these two forces must always fall 
within one of five cases which may be stated and interpreted as 
follows : 

{a) Xhe two forces may be inclined to ecLch other and either 
equal or tinequal in magnitude. By the parallelogram of forces 
their resultant must pass through their point of intersection. 
But their resultant and that of the given set are identical. 
Therefore their intersection is a point on the line of action of 
the resultant of the given set. Their non-parallelism would 
show that there must be such a resultant. 

Observe that this method furnishes a means for locating the 
resultant of a set of parallel forces which will be fully developed 
in § 38. 

(^') The two forces may be parallel, unequal, and opposite ^ 
proving the given set to be reducible to a single force parallel 
to the two forces and acting at a point determinate only by re- 



28 STATICS. 

placing the two forces in their turn by two others equivalent to 
them and inclined to each other as in {a). This may be re- 
garded as a special case of {a). This case can always be 
avoided in practice by judicious selection of the direction of the 
assumed force. 

{a'^) The two forces may be coincident ^ unequal ^ and opposite ^ 
proving the given set to be reducible to a single force, itself 
coincident with the two coincident forces. This like (a!) may 
be regarded as a special case of {a) and like (^ ') can always 
be avoided by proper selection of the assumed force. 

{b) The two forces may be parallel^ equals and opposite^ 
forming a couple, and proving the given set to be reducible to 
a couple. 

{f) The two forces may be coincident y equals and opposite ^ 
that is in equilibrium, and proving the given set to be in 
equilibrium. 

The cases (a), (rt:'), and {a"^ are evidently cases in which 
the magnitude polygon is not closed, and (3) and {c) are evi- 
dently cases in which that polygon is closed. 

In Figs. 6^, 6^, 6c are illustrated the important cases (df), 
{b)y and {c) respectively. OA and oa are assumed outright and 
EO and eo or FO and fo determined just zs AE and ae were 
determined in Fig. 5. In Fig. 6a it appears that the given set 
amounts to a single force AE\m Fig. 6b to an anti-clockwise 
(negative) couple of value OA ycp\ and in Fig. 6c that they are 
in equilibrium, A and F coinciding and also ao and af In 
Fig. 6a the case {a') would have resulted if O had been taken 
anywhere on AE\ oa and oe would then of course be parallel, 
becoming coincident, case {a"), if oa should chance to contain 
the point common to ab and ae. 

Observe that, in Fig. 6a, oa and oe, and in Figs. 6b and 6r, 
oa and cf, with the senses there shown, are pairs of forces 
equivalent to the given set. 
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The forces oa^ ob, oc, ody etc., form a polygon consisting 
of the lines of action of an arbitrarily chosen force oa^ and the 



A&^^\ 
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resultants respectively of oa and ab^ of oa^ aby and bc^ etc., 
through the series of given forces. This polygon is called the 
string polygon, because it bears a certain relation to the form 
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which a string would assume if secured at the ends and sub- 
jected to the given forces.* 

If the two added forces equivalent to or balancing the given 
set coincide, the string polygon forms a closed figure and is 
described as Closed. 

Obviously, then, if the string polygon closes, the given set 
of forces cannot be reducible to a couple. 

Observe that, in Fig. 6^, ae was located where ao equal 
and opposite to oa would have given rise to a closed string 
polygon. 

33. Additional Remarks on the String Polygon. — The 
sides of the string polygon are called strings. The added force, 
OAy and the partial resultants, OB, OC^ OD, etc., form a set 
of lines radiating from a common point (called the pole) and 
are hence known as rays. The set of rays and the magnitude 
polygon constitute the whole of the magnitude diagram. 

To construct a closed string polygon, one need only to see 
that the strings form a closed polygon having an apex on the 
line of action of each and every force of the system (and no- 
where else), — each apex to be formed by the pair of strings 
which represent components of the force on whose line of 
action the apex appears. 

Any one string is, of course, a closing line of a closed string 

polygon, but any string which it may be convenient to draw 

last will commonly be spoken of as the closing line. 
See also § 55. 

♦Terms more strictly analogous to magnitude polygon would be point-of- 
application polygon or location polygon but they are not in use. Funicular polygon 
and equilibrium polygon are terms in common use as well as string polygon, 
the lormer being merely the Latin equivalent to string polygon, and the latter 
open to the objection that it might with equal appropriateness be applied to the 
magnitude polygon. 



CHAPTER IV. 

ALGEBRAIC AND GRAPHIC STATEMENTS OF THE CONDI- 
TIONS OF EQUILIBRIUM WITH APPLICATIONS. 

34. Staticad Problems. — Problems in statics deal with 
bodies which may be conceived to be at rest under the action 
of a set offerees, some of which are not fully known, i.e., not 
known as to all their elements. The solution of such prob- 
lems consists of finding what must be the value of each of the 
unknown elements. This at once suggests the use of algebra, 
and the first and principal task is to find how to write equations 
which will truly represent the conditions — that is, which will 
be true only if equilibrium is established. The forces can be 
represented in such equations only by expressions for their ele- 
ments. Such elements as are unknown need only be expressed 
as unknowns, to be evaluated as usual by the ordinary process 
of solving the equations. To write such equations, one need 
only to consider carefully what must be true that a body may 
be at rest, i.e., what the conditions really are which are to be 
expressed. 

35. Conditions of Equilibrium. — As has been pointed out 
(§ I3)» conditions of rest are always conditions of equilibrium, 
and to arrive at the conditions of equilibrium it is only necessary 
to consider the conditions of rest. 

In order that a body may be at rest, two things must be 

true of the forces acting on it, viz. : 

{a) The total tendency of some of them to produce trans^ 

31 
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lation in one direction must be met by an equal total tendency 
on the part of the others in the opposite direction. 

(J?) The total tendency of any of them to produce rotation 
in one direction must be met by an equal total tendency on the 
part of the others in the opposite direction. 

Accordingly a set of forces will be in equilibritun if they 

can result in 

{A) Neither translation 

{B) Nor rotation. 

Observe that this is the same thing as saying that there 
must be for a resultant neither (-^) a single force nor (^B) a 
couple.* 

It remains to establish the algebraic equivalent of {A) and 
(5), and then the graphic equivalent. It will be best for the 
present to confine attention to coplanar forces. 

36. Algebraic Statement of (A) and (B) for Coplanar 
Forces, — Since, in a given problem, the directions of the forces 
may be very various, it is necessary in algebraic work to sub- 
divide translation in general into two component translations 
parallel to a set of axes, preferably rectangular. For coplanar 
forces a pair of such axes will of course suffice. They will be 
most conveniently taken as horizontal and vertical and will be 
referred to as the axis of X and the axis of Y respectively, ac- 
cording to the usual convention. 

{A) will then be subdivided into two partial statements 
which will be distinguished by the proper subscripts, and the 
conditions can now be written 

{A^ No translation to the right or left ; 
{A^ No translation up or down ; 
(B) No rotation. 

But the tendency of a force to produce translation to th^ 
right or left is simply the horizontal or X-component of the force 
and can be expressed algebraically P^ cos a^, P^ cos a^y etc. 

* Observe also that this is not saying that a body in equilibrium must be 
at rest. Cf. § 13. \ 
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And the tendency of a force to produce translation up or 
down fe simply the vertical or F-component of the force, and is 
expressed algebraically P^ sin a^ P^ sin a,! etc. 

In order to express {B) algebraically, it will be convenient 
to use the principle of § 20 and consider the given set replaced 
by an equivalent set consisting of a series of concurrent forces 
and a series of couples. The point of concurrence may be 
chosen to suit convenience and be called m. The couples 
need to be considered further only in connection with rotation. 
The moment of each may be regarded as its contribution 
towards rotation, and the values of these moments are /^j^p 
P^a^y P^a^y etc. If now m be taken as the origin of coordi- 
nates, and {x^y j/j), etc., be taken as coordinates of the points 
of application of the forces, it will be convenient to insert the 
equivalents for the a's, Cor. 11, § 29, and the moments will 
appear in the form {P\y\ cos aj -Pi^i sin ai), (P2)'2 cos 
a2— -^2^2 sin 0:2), etc., which may be looked upon indifferently 
as the sum of the moments of the components or as direct 
substitution of values of the a's. 

{A) and {B) become, accordingly, expressed as equations: 



{.A") 



P^ COS a^ + P% cos ^2 + • • • 4" ^« c<^s a« = o. . A'J^^ 
P^ sin ai + -Pj sin ^2 + . . . + Pn sin a^ = o. . A'y) 



{B") Pii^i cos aj — x^ sin a^) + . . . 

+ ^nij^n COS a^ — x^ sin ot^) = o, 



or, more briefly, 



A') 



(2Pcosa = a;,) 

\2Psma = o a;) 



(B') .2P(y cosa— X sin a) = O, 
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or, representing all horizontal and vertical components by X 
and F respectively, these three equations take the form ^X=^ o, 
2Y = o, and 2{Xy — Yx) = o, or most simply of all, using 
Mior moments, 

^^^ \:^Y=o Ay) 

and 

{E) :em =o B) 

This last is the usual form for the algebraic statement of 
conditions of equilibrium. These equations form an equipment 
for solving statical problems algebraically. 

Two otlier ways of insuring the satisfaction of (A) and {B) 
algebraically can be deduced, one of much practical impor- 
tance, the other of little. These will receive attention in due 
time (§§ 40, 41, 43), and will be shown to be mere transforma- 
tions of the equations above stated. 

Note that the set of forces cannot produce or afifect transla- 
tion if (A) is satisfied, nor rotation if (B) is satisfied. 



Show that the satisfaction of any one or any two of the 
A^y Ay, and B equations will not insure equilibrium. 

Show that in case of concurrent forces (^A) alone suffices, 
and gives the only two independent equations bearing on the 
case, i.e., that {B) will always hold in this case if {A) does. 

When then are both {A) and {B) always needed? 

Must three forces in equilibrium be concurrent } Why .? 
How about three parallel forces 1 How about more than three 
forces .? Cf. Cor. I, § 29. 

37. Graphic Interpretation of (A) and (B). — That there 
may be no translation from a given set of forces it is evident 
that their resultant must be zero, and by § 3 1 it is seen that 
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this can be only when the magnitude polygon for the set of 
forces closes. We can state then 

{A) A magnitude polygon must close. 

That there may be no rotation, the given set of forces must 
not be reducible to a couple, and, as has been shown in § 32, 
this condition will be fulfilled if a string polygon closes for the 
set of forces. We can state accordingly 

{B) A string polygon must close. 

The closed magnitude polygon precludes translation, and 
the closed string polygon precludes rotation. These two poly- 
gons constitute the full equipment for the solution of statical 
problems graphically. It remains only to get practice in using 
them. 

Here again, of course, for concurrent forces {A) alone 
suffices, and its satisfaction carries with it the certainty of sat- 
isfaction of {B), Hence with concurrent forces {B) is super- 
fluous. 

38. Exercises in the Composition of Forces. — The equip- 
ment for solving statical problems is now complete, except the 
transformation of the A^, Ay, and B equations referred to in 
§ 36, and developed in §§ 40, 41. Everything is, however, 
entirely ready for practice in the composition of forces, and 
practice in the use of what has already been developed will 
throw much light on what is to follow. 

Below are given explanations of the algebraic and graphic 
methods of procedure in a general case. In special cases more 
or less of both processes become superfluous and can be omit- 
ted after a little practice. The plan for arrangement of work 
and for retention of memoranda at all steps is recommended 
as, in the long run, an economizer of time, both because it di- 
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minishes the risk of numerical error, and because it aids in the 
location of such error when once committed. 

Let it be required to determine the equilibrant (and result- 
ant) of any set (say four in number) of non-parallel, non- 
concurrent coplanar forces. 

Graphic Solution. (Figs. 7^, yb, Cf. PI. I.) Letter the 
four forces in the given set, preferably in the order of their 
occurrence from left to right, ab, . , , y de. The required 
equilibrant will be ea and the resultant ae. 

Construct (Fig. yb) the magnitude polygon (§ 31) ABCDE 
for the given forces, the sides having lengths proportional to 
the magnitudes of the forces to which they are parallel and so 
arranged that the arrows will follow one another. Evidently 
all that is needed to close this polygon now is to fill in the 
side EA . EA determines the magnitude and direction of the 
equilibrant, and AE those of the resultant. 

Construct the string polygon (Fig. 7^). The question 
now is how to locate ea so as to preclude rotation, i.e., how 
to locate ea so that the string polygon will close when this 
force is added to the set. 

Now ea must act at the intersection of strings oe and ao^ 
and to close the string polygon ao must coincide with oa. 
The position of ao thus being known and oe having already 
been located in the construction of the string polygon up to 
this point, it only remains to draw ea through their point of 
intersection. The string polygon is then seen to be closed, 
and any convenient point on ae may be taken as the required 
point of application.* 

Algebraic Solution, (Cf. PI. L) Let the unknown magni- 



* The short-dash lines in Fig. "ja show ea in other positions than the correct 
one and the positions which ao would in those cases take, leaving the string 
polygon unclosed. Such forces ea and ao are there distinguished by subscripts. 
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tude, direction, and point of application be designated -£, or, 
and (;r, y) respectively. Write the equations for horizontal 




Fig. 7. 

and vertical components — the A^, and Ay equations — ^the sec- 
ond considerably below the first. 

Insert in small figures, as memoranda, the values of the 
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trigonometric functions just above each, taking care, by a 
moment's inspection, not to interchange the values of the sines 
and cosines. 

Perform the multiplications indicated and insert the prod- 
ucts in small figures as memoranda below each term. 

Proceed with the reduction as shown in PI. I, and deter- 
mine the values of E and a, observing that the a found will be 
that for the equilibrant and needs only to be changed by 1 80® 
to give the a for the resultant. The quadrant indicated for a 
is th^ first, second, third, or fourth according as E sin a and 
E cos a are both plus, the former plus and the latter minus, 
both minus, or the former minus and the latter plus. 

Write the equation of moments — the B equation — in ex- 
tended form, inserting the values of the given coordinates at 
once, striking out all terms in which a zero coordinate appears. 

Write as memoranda above each remaining P cos a and 
P sin a the value found for it in reducing the two preceding 
equations. 

Perform the multiplications indicated and show products 
under each term as memoranda, and solve, assuming the value 
for either x or j/ as may be more convenient. 



Specifications for Exercises 3-7. In each exercise the object is to work out 
both graphically and algebraically, the equilibrant and resultant of the sets of co- 
planar fDrces there given. The results should be recorded side by side conspic- 
uously for comparison. Work will be arranged in general as in PI. I, and each 
exercise should be undertaken as a general case and so carried to completion. 

Magnitudes are expressed in pounds and lengths in feet. 

Angles will best be laid off by plotting from a table of natural tangents, and 
in favorable cases by the use of triangles and T-square. Small protractors will 
sometimes be found useful for checking. 

For scales, i in. = 20 lbs. and I in. = 4 or 5 feet are recommended. 

Exercise 3. Non-concurrent, non-parallel forces : (20 105* 5, o), 
(25 263" II, o), (30 98" 15. o), (10 So** 17, o), (15 280** 2, o). 

Exercise 4. Parallel forces uniform in sense; five vertically upward 
forces of 10, 20, 30, 40, and 50 lbs. respectively, with successive inter- 
vals between them of 3, 2, 6 and 5 ft. 
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Exercise 5. Parallel forces varying in sense : the forces of the pre- 
ceding exercise but with the lo-lb. and 30-lb. forces reversed in sense. 

Exercise 6. Concurrent forces : five forces of 10, 20, 30, 40, and 50 lbs. 
respectively, with directions of 30°, 60°, 135*, 220*, and 320** all applied at 

(o, o). 

Exercise 7. Three non-concurrent forces whose magnitude polygon 
closes: (50 330** — 6, o), (50 210* o, 2), and (50 90* 8, o). 

Note. — This is a case similar to that of Fig. 6^, § 32. The results can be 
stated in foot-pounds with the proper algebraic sign to indicate sense, say -j- for 
clockwise and — for anti-clockwise rotation. The source of graphical results 
should be made clear by use of dimension lines, including scaled numerical re- 
sults and the expression of the necessary multiplication. There is no reason 
why OA may not be taken of some round magnitude, say 20, 30, etc., and k will 
be advantageous in this case. (See PI. II for a solution of this Exercise.) 

39. Generalization of the Three Classes of Resultants. — 

It may be observed in passing that the three classes of result- 
ants to one of which any set of coplanar forces may be re- 
duced can be expressed in generalized form in the notation 
of this book, as follows : 

Class I. (>o, 0° to 360°, unrestricted), i.e., a single force. 
In this case the magnitude polygon fails to close, and the string 
polygon may or may not close. 

Class 2. (o, indeterminate, at infinity), i.e., a couple. 
Here the magnitude polygon closes, but the string polygon 
does not close. 

Class 3. (o, indeterminate, indeterminate), i.e., a set in 
equilibrium. The magnitude polygon and the string polygon 
both close. 

Examples of the first two of these classes are contained in 
the data for Exercises 3-7. Inserting the equilibrant there 
required, the class then exemplified is in each case the last one, 
of course. 

40. Establishment of Eqtdlibrium by Use of Moments 
Alone. — While the algebraic statement of equilibrium of § 36 
is, of course, of universal validity in cases of coplanar forces, 
there is an alternative algebraic statement which in many cases 
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proves much more convenient in use. This statement takes 
into account moments only, and amounts simply to three 
equations of moments with certain limitations laid upon the 
choice of the centers of moments. This alternative is deduced 
as follows. 

To establish equilibrium, it must be made certain that the 
given set of forces will cause neither translation nor rotation, 
i.e., that they amount to neither a single force nor a couple. 
It has been shown that there can be no couple if 2M =zo for 
any point whatever. It remains to be shown how moments 
can be used to prove the non-existence of a single force re- 
sultant as well. 

Suppose that for a given center of moments 2M =o for a 
given set of forces. This can arise from only one of two 
causes : either the set of forces is in equilibrium, and would 
have no moment about any point, or the center of moments lies 
upon the resultant of the set. If, then, it can be shown that 
the center of moments does not lie on the resultant of the set, 
the set must be in equilibrium. 

Any one or any two points chosen at random might both 
chance to lie on the line of action of a resultant. In such a 
case 2M would be zero in spite of the resultant having a mag- 
nitude greater than zero, and if investigation went no further 
translation might exist undetected. If, however, three points 
not in the same straight line be chosen, one of the points at 
least will not lie on such line of action. If 2M=o for each 
of these points, 2M = o for at least one point not on the line 
of action of the resultant, and equilibrium is a certainty. 
Hence it can be stated that 

If y for a set of forces, 2M is zero for three points not in 
the same straight line, equilibrium is assured. 

It should be carefully observed that the three equations of 
moments implied in the preceding sentence are merely the Aj^, 
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Ayy and B equations themselves, though transformed * in such 
a way as to be more convenient for use in certain problems. 
As mere variants or alternative forms of the equations of equi- 
librium first deduced they can solve no problems which the 
former could not be made to solve, and any general conclusions 
drawn from inspection of either of the two sets of equations 
could be drawn also from inspection of tne other. The A^^ 
Ayj and B equations, as they are of simpler algebraic form, are 
more convenient for such inspection, but, nevertheless, they 
are a group of equations algebraically identical with the three 
moment equations. 

41. Determination of Magnitudes by Single Moment 
Equations Alone. — Complete determination of equilibrium 
requires in general three equations, A^^ Ay, and B, or an equiva- 
lent, such as the three moment equations of § 40. Still it will 
be worth while to see under what circumstances, if at all, a 
single equation of moments will determine the magnitude of any 
one of three or fewer forces whose lines of action are known. 

Call this unknown force Q, and the others R and 5. 
Then, since Q is to be the equilibrant of all the rest of the set, 
its line of action must be that of the resultant of the set. 

* The nature of this transformation appears upon writing one of these moment 
equations in its general form as follows. 

If the points of application of the forces be a series of (^, >')*s, and any one of 
the centers of moments have the coordinates (xa, ya) with reference to the same 
axes, the moment equation will take the form 

or, noting that Xa ^nd ^a a-^ e constants and all the rest of the letters variables, 

2(Xy - Yx) -ya2X+Xa:SV=: o, 

which is obviously B minus A^f multiplied through by a constant and plus Ay 
multiplied through by another constant. One or both of these constants might, 
of course, be zero. If the three centers be taken at the origin and elsewhere on 
each of the axes of x and y respectively, the three moment equations become 
simply B, and B — Ax X ^ constant and B -\- Ay X ^ constant 
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Realizing this it is easy to select a center which certainly does 
not lie on the line of action of the resultant of the set. R 
and S, as well as Q, will in general produce moments about the 
point, and, appearing in the equation, will prevent Q from 
being the only unknown in it. If, however, the point can be 
selected so that it will be off the line of Q, and at the same 
time cause the arms of R and 5, or of 5 if 5 is the only other 
unknown, to be zero, determination of Q by one equation is 
possible. Such a point is to be found at the intersection of i? 
and 5, or any\vhere on 5 if 5 is the only other unknown. 
Cases in which this cannot be done arise only when there are* 
more than three unknowns, or when the lines of action of three 
are parallel or concurrent. 

An equation thus derived of course does not in general 
establish equilibrium, for the establishment of equilibrium re- 
quires the determination of two or three elements, and for this 
more than one equation is always necessary ; but it does deter- 
mine one magnitude to which the other forces must inevitably 
conform in order to produce equilibrium. To get more, simply 
repeat the process. In general, then. 

To find the magnitude of a force whose line of action 
is given, solve an equation of moments for a center on the 
line of action of the other force whose magnitude is un- 
known ; or, if there are two others, for a center at their 
intersection. Repeat the process for the other one or two 
forces. 

This method is of great use whenever the magnitude is 
sought for a force with a given Hne of action. Such problems 
are very common in practice. In such cases the method is 
often useful for determining senses of forces by mere inspec- 
tion without any calculation. 

Notice that solving a problem in this way is simply utilizing 



1 
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the general principles of the preceding section, choosing the 
centers so as to avoid equations simultaneous in form. 

The amount of it is that if there is equilibrium, 2M= o 
for any center, but the converse is not true. Hence the need 
of more than one moment equation. 



Suppose the condition requiring the center to be off the 
line of action of Q were violated, how would the equation be 
affected ? 

42. Convention as to Algebraic Signs in Moment Equa- 
tions. — In using ^„ A^y and B it has been convenient to con- 
sider magnitudes of forces as always positive and to associate 
sense exclusively with slope. In using the method of mo- 
ments it will be more convenient to call arms universally posi- 
tive, and give magnitudes varying signs : -|- if for a given cen- 
ter they cause rotations in one sense, and — if the opposite. 
Throughout these pages clockwise rotations will be called 
positive, and anti-clockwise negative. 

To apply the method of moments, select the center, write 
the equation calling all moments positive that are not known 
to be negative. The sign found with the result will, in con- 
nection with the center for the equation, determine the sense 
of the force. The same force may be positive for one center 
and negative for another, hence the locations of the centers 
should be recorded near the work. 

43. Six Methods of Stating the Conditions of Equilib- 
rium. — In addition to the statements of the conditions of equi- 
librium already given, there is a third from the algebraic and 
two more from the graphic point of view. The six ways are 
here collected and stated for completeness, and for reference: 
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Graphic, 
Equilibrium will exist if 

(i) A string polygon closes 
for each of three poles not in 
the same straight line ; 
or if 

(2) Two string polygons 
close with the same pole ; 
or if 



Algebraic,'^ 
Equilibrium will exist if 

(1) The sum of the mo- 
ments is zero for each of 
three points not in the same 
straight line; 
or if 

(2) The sum of the moments 
IS zero for each of two points, 
and the sum of the components 
is zero along a line not per- 
pendicular to the one joining 
these two points; 
or if 

(3) The sum of the mo- 
ments is zero for one point 
and the sum of the compo- 
nents is zero for both of any 
two directions. 

The statements shown in bold face are the ones already 
developed at length and are the only ones commonly used. 
The critical reader, however, will assure himself of the correct- 
ness of the three others. 

* The first of these statements was shown in g 40 to be an algebraic identity 
with the third, and deducible directly from it, and the same might be proved 
of the second in a similar manner. 



(3) One string polygon and 
one magnitude polygon close. 



CHAPTER V. 



SCOPE OF PURE STATICS. 



44. General Survey of the Scope of Piire Statics. — The 
term Pure Statics is to be understood to mean the perfectly 
general science, in which problems can have no light thrown 
on them by considerations of size, shape, and elasticity of 
bodies. Its only resources are the conditions of equilibrium of 
rigid bodies. 

The first algebraic statement of these conditions which 
has been elaborated is of such a form as specially to invite 
thought as to the scope of the subject — as to how many and 
what coplanar statical problems are capable of solution. 

First may be considered 

(a) Non-concurrent Forces, There are only three funda- 
mental equations (§43), A^^ Ay, and B, If, then, in any 
problem there are more than three forces of which elements 
are not known, there are more than three unknown quantities 
and the problem of establishing equilibrium is indeterminate. 
Hence all forces but three (at most) must be fully known. But 
three forces involve nine elements; hence, unless six of these 
elements are known the problem is still indeterminate. 

These are a priori considerations regardless of the struc- 
ture of these particular equations. Taking this structure into 
account, the field becomes still more circumscribed. For 
example, since only one of the equations involves points of 

45 
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application, it is clear that there must be not more than one 
such point unknown. Even then the point is, strictly speak- 
ing, indeterminate, for the point appears as two unknown 
quantities, x and y. For the purposes of statics, however, any 
pair of values for x and y that will satisfy the equation will 
meet all requirements, and this actual indetermination is not a 
source of difficulty. In other words, B becomes simply the 
equation of the line of action of the force in terms of x and y^ 
on which an indefinite number of points of application may be 
selected. 

Nine elements can be divided into groups of six known and 
three unknown in 9X8X7-^3X2 = 84 different ways, 
which reduce to twenty separate cases at once (see Appendix 
for a complete statement of them), and of these, fifteen are 
more or less indeterminate, owing to the peculiar limitations of 
the equations above pointed out. Moreover, only three of 
the twenty cases are important. They are the following : 

a. When the three unknown elements all pertain to one 
force, i.e., one force is wholly wanting. This is the problem 
of finding the resultant and the equilibrant of a given set, — 
Composition of Forces. 

/?. When the three unknown elements pertain to two forces 
and the magnitude of one and the magnitude and slope of the 
other are wanting. 

y. When the three elements pertain to three forces, and 
three magnitudes are wanting. 

There are still to be considered 

{b) Concurrent {including Parallel^ Forces, Here there 
are only two fundamental equations, A^ and Ayy* one of 

* The B equation becomes simply a mathematical identity with Ax and Ay in 
the case of concurrent forces, for the jc's and^'s in 2{Xjf — Vx)= o are then each 
constant, say Xa and^a. The equation is then ya2X— Xa^Y — o, which is 

Ax^ya'^'Ay X ^a» 
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which must be replaced by B if the forces are parallel. They 
can determine only two unknown quantities. If there are 
more than two forces of which elements are unknown, there are 
more than two quantities unknown and the problem of estab- 
lishing equilibrium is indeterminate. Hence all forces but two 
(at most) in a set of concurrent or parallel forces must be 
fully known. But two forces involve six elements which may 
be unknown, and unless four of these elements are known, the 
problem is indeterminate. Six elements may be divided into 
groups of four known and two unknown in6x 5-7-2= 15 
different ways, which reduce to nine separate problems in the 
equilibrium of concurrent or parallel forces (see Appendix I). 
Noting that composition of such forces is included in the gen- 
eral problem of composition of forces {a) as a special case, 
only one of the rest of the nine cases is important, viz. : 

6, When the two elements pertain to two forces, and the 
magnitudes of the two forces are wanting, — Resolution of 
Forces. 

45. The Four Cases, — Only four cases capable of solution 
by pure statics are of sufficient importance to require special 
study. These have been pointed out in § 44, and will here be 
restated and numbered for future reference. 

Case I. Magnitude, direction, and point of application of 
one force required, — Composition of Forces. 

Case 2. Magnitudes of two forces required, — Resolution of 

Forces. 

This case will be divided into two sub-cases, 2a and 2b. In 2a the 
two forces are non-parallel ; in 2^. parallel. 

Case 3. Magnitude of one force and magnitude and direc- 
tion of another required. 

Case 4. Magnitudes of three forces required.* 

♦ As will be seen ( § 50a), Case 4 may be regarded as a mere combination of 
Cases 3 and 2a, and Case 3 as combination of Cases 4 and i. 
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This case is sometimes spoken of as Resolution in Three 
Directions. 

Case 4 is statically determinate only when the three forces 
are neither, concurrent nor parallel. 

All these four cases or any of the few others which are 
capable of solution can, of course, be solved by applying A^y 
Ay, and B — in some cases more conveniently in the form of 
the moment equations of §40 or §41 — or by closing the mag- 
nitude and string polygons. 

See Plates I- VII respectively for a full treatment of these 
four cases. These plates are explained in the following 
chapter. 



CHAPTER VI. 

SOLUTION OF STATICAL PROBLEMS, WITH SPECIAL REF- 
ERENCE TO THE FOUR MOST IMPORTANT CASES. 

46. The Solution of Statical Problems. — In general the 
first thing to be done in undertaking a problem in statics is to 
draw a sketch showing all that is known of all the forces 
acting upon the body whose equilibrium is in question, — 
their magnitudes, either as knowns or unknowns, being in- 
scribed near their lines of action. This operation is of funda- 
mental importance and is the step of greatest practical 
difficulty. It is sometimes called ** showing the forces.*' It 
consists really of accurately analyzing the situation and decid- 
ing just what forces are acting and just what is known of each. 
This once done, and the problem seen to be determinate, it is 
a matter of mere routine to proceed with the solution. 

The mastery of these solutions is what study of this chap- 
ter is expected to bring about. The ability to show the forces 
will require a longer time to cultivate, and its importance may 
well be kept in mind. 

The methods of solution for the four important cases will 
now be taken up. It is well to note at the outset that the whole 
equipment available consists of the magnitude polygon and the 
string polygon for graphic solutions, and of the A^, Ay, and 
B equations, or their alternative, the three moment equations of 
§ 40 for algebraic solutions. The task is now simply to become 
familiar with the manipulations by which this equipment can 
be made to fit the peculiarities of each case, and to yield most 
easily the desired results. 

49 
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In all cases, it should be noted, it will be found most con- 
venient in graphical work to letter the known forces in the 
order of their occurrence, going from left to right around the 
body on which they act, leaving the unknowns to be lettered 
consecutively after the knowns have all been provided for. 
The first letter will naturally be «, and the last letter of the 
last unknown may properly be a. Thus will be avoided double 
letters for apices of the magnitude diagram. 

Furthermore in algebraic work senses of forces given only 
in line of action will be assumed to be such as to make their 

directions less than i8o°, in writing the A^ and Ay equations, 
and such as to give a positive moment in writing the non- 
simultaneous moment equations required for some of these 
cases. If the sense so assumed is the correct one, the fact 
will appear by the magnitudes proving to be plus quantities. 
If the magnitudes prove negative, of course the correct sense 
is the reverse of that assumed. 

After writing an equation of moments it will be well to 
check the lengths of all arms, whether given or not, by seal- 
ing them from a drawing, if one be at hand. Check also so 
far as possible the determinations of senses by inspection of the 
drawing. 

47. Solution of Case l. — Case i is mentioned here merely 
for completeness, and the account of its solution given in § 38, 
and presumably familiar to the reader by this time, need not 
be reprinted here. 

48. Solution of Case 2a. (Cf. PI. III.)— Required the 
magnitudes (and senses) of two non-parallel forces in a set in 
equilibrium. 

Algebraic Solution. Let P and Q be the unknown mag- 
nitudes, and assume trial senses as per the next to the last 
paragraph of §46. 

Solve, for P and Q, either {a) the A^ and Ay equations 
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(avoiding simiiltaneity of form, if desired, by taking one axis of 
reference along one of the unknowns), or (ft) their variants, the 
two moment equations of § 41. The assumption as to sense 
made at the outset is correct or must be reversed for either 
force according as its magnitude comes out plus or minus. 
Graphic Solution (Fig. 8 and PL III). Close the mag- 
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nitude polygon (Fig. 8<J). Suppose the first known of the 
given set be ab and the two unknowns de and ea. The mag- 
nitude polygon can be completed by familiar means from the 
apex ^ to Z^ inclusive. Then DE drawn parallel to de and 
AE parallel to ae will locate the missing apex E^ and the re- 
quired magnitudes and senses will be DE and EA . 

The string polygon is superfluous. It is bound to close if 
the magnitude polygon is closed. 

Note. — Case 2a nearly always occurs in practice for a set of concurrent 
forces, but it is capable of solution as well for a non -concurrent set if the resultant 
of all the knowns passes through the point of intersection of the two unknowns. 

48a. Solution of Case 2b. (Cf. PI. IV.) — Required the 
magnitudes (and senses) of two parallel forces in a set in 
equilibrium. 
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Algebraic Solution. Let P and Q be the unknown mag- 
nitudes and assume trial senses as per the next to the last 
paragraph of § 46. 

As P and Q are parallel, the Jf-axis may well be taken at 

right angles to them both, making their directions 90°. 

Write the Ax and Ay equations as in Case 2a, Noting that the A^g 
equation vanishes, its place is made good by the B equation (retaining the 
same senses as in the preceding equations) written as in Case i. Solving 
the simultaneous equations, P and Q are known, and the assumed senses 
are correct or to be reversed according as results come out plus or 
minus. 

Or, better^ sol^e by moments alone by the method of § 41, 
taking a center on the line of action of P to find (2, and on 
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Fig. 9. 

the line of action of Q to find P. The assumed senses are cor- 
rect or to be reversed according as results come out plus or 
minus. Check results by seeing whether Ay is satisfied finally. 
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Graphic Solution (Fig. 9 and PI. IV;. Let the knowns 
be lettered ab . , . cd, and the unknowns accordingly de and ea. 

Construct the magnitude polygon from A to D, inclusive 
(Fig. gb). Assume a convenient oa and construct the string 
polygon to od, inclusive (Fig. go). In order that ao may coin- 
cide with oa and close the string polygon, oe, the missing 
string, must intersect ea where oa does, and oe must start 
from the intersection of ^^/ and de. Hence oe is located, and 
the string polygon is closed. 

E must then be on a ray from O parallel to oe^ and on a 
line from A or D parallel to ae or de. E is therefore located, 
the magnitude polygon is closed, and the required magnitudes 
and senses will be DE and EA . 

Note. — This case almost always occurs in practice for a set of parallel forces, 
but it is capable of solution as well for any set provided that the resultant of 
the knowns is parallel to the two unknowns. 

49. Solution of Case 3. (Cf. PL V.) — Required the 
magnitude and direction, and the magnitude (and sense) re^ 
spectively, of two forces in a set in equilibrium. 

Algebraic Solution. Let P and Q be the two unknown 
magnitudes and a the direction of P. Assume the sense of 
Q as per the next to the last paragraph of § 46. 

Write the B equation, taking the center on the line of 
action of P, and establish the magnitude and sense of (2 (§ 41)- 

One point only in the line of action of P being given, that 
point must, of course, be the center selected. 

In writing B^ memoranda may advantageously be inserted 
near each term, showing the value of each component of each 
force, as well as the moment of each component. 

Write the A^ and A^ equations, inserting the value of (2 just 
established, and get the horizontal and vertical components of 
P and establish P and a by routine like that for a similar pur- 
pose in Case i . 
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Observe that the memoranda inserted near the terms of the 
B equation can be utilized in the A^^ and Ay equations, just as 
the reverse was done in Case i. 

Observe also that Q once fully known, the problem is simply 
that of finding an equilibrant whose point of application is 
known in advance, and the work is thenceforth that of Case i 
for finding the magnitude and direction of the equilibrant. 

Graphic Solution (Fig. lo and PI. V). Let the knowns 
be lettered ab . . , cdy and the unknowns accordingly de 




Fig. 10. 

and eUy the former being unknown in magnitude (and sense) 
and the latter in magnitude and direction. 

Construct the magnitude polygon from A to Z?, inclusive 
(Fig. lo^). Assume a convenient ouy draw it through the 
given point of application of ea^ and construct the string 
polygon to od, inclusive (Fig. lO^). In order that ao may co- 
incide with oa and close the string polygon, oe, the missing 
string, must intersect ea where oa does, i.e., at the only known 
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point of ea ; furthermore oe must start from the intersection of 
od and de. Hence oe is located and the string polygon is 
closed. 

E must then lie on a ray from O parallel to oe^ and on a 
line from D parallel to de, E is thus located, and connect- 
ing E and A, the magnitude polygon is closed. The required 
magnitude (and sense), and magnitude and direction, are DE 
and EA respectively. 

Observe that the key to this solution lies in locating oa in 
the only way possible, so that its point of intersection with ea 
may be known; i.e., by drawing it through the only point 
through which ea is known at the outset to pass. 

50. Solution of Case 4* (Cf. Pis. VI and VII.) — Required 
the magnitudes (and senses) of three forces in a set in equi- 
librium. 

Algebraic Solution. Let P, Q, and R be the required mag- 
nitudes. Assume senses as per the next to the last paragraph 
of § 46. 

The Ax, Ay and B equations can now be written, taking the center for 
B anywhere whatever, as in PI. VI, and there result three simultaneous 
equations, whence the desired quantities can be evaluated. This method 
is needlessly laborious, and the simultaneous equations can always be 
avoided by the aid of the three moment equations of § 41, as follows. 

Write three equations of moments, taking the centers at the 
intersections respectively of Q and R, R and P, and P and Q, 
These equations will yield the magnitudes (and senses) of P, 
Q, and R respectively. 

Obviously the solution is indeterminate, or else impossible, if 
P, Q, and R. are concurrent or parallel. 

In PI. VI is worked out a general case, and the deter- 
mination of the coordinates of the required center of moments 
is seen to involve considerable labor. Case 4, in its occur- 
rence in practice, however, almost invariably appears with the 
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three unknowns so situated that the coordinates of the three 
centers are much more easily determined than in the problem 
of PL VI. The arms of the forces can usually be read directly 
from the drawing or can be calculated with little labor. In 
such cases the equations will best be written with the arms 
inserted directly without resort to components except for the 
more inconveniently lying forces. 

A fairly typical example of Case 4 as it occurs in practice 
is fully worked out in PI. VII. 

Sometimes two of the unknowns, say P and Q, are paral- 
lel. R can then be found by taking a center on the line of 
action of Q and off the line of P and Ry bringing into the 
equation the previously calculated value o{ P, 

Graphic Solution (Fig. 1 1 and cf. PI. VI). Let the knowns 
be lettered ab , , . . cdy and the unknowns de^ ef^ and fay 
the three last being unknown in magnitude (and sense). 

Construct the magnitude polygon from A to D^ inclusive 
(Fig. \\b). The two apices £" and /'remain to be located. 
That means that two strings oe and o/^lyq to be located, while 
the direction of neither is known, nor is the point in which they 
will intersect ef known. One of these directions might be 
assumed and the string polygon closed accordingly; the same 
result could be attained by assuming the point in which they 
intersect ef. The result of this process would in general be 
that the magnitude polygon would not close, and the labor 
would have been in vain. 

Now, if either of these two strings could be made to vanish, 
i.e., to be of zero length, it could be looked upon as having 
any direction whatever, including a direction consistent with 
the closure of the magnitude polygon; then only one string re- 
maining to be located, there would be no further difficulty. But 
any string, onty common to two forces, Im and mtiy will vanish 
if ol and on intersect at the point of intersection of Im and mn. 
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Accordingly if oa be drawn (Fig. iid)2X the outset through 
the intersection of ef and fa, on proceeding with the string 




Fig. II. 



polygon oe will fall into place, connecting the point where od 
cuts de with the intersection of ^(whatever its direction) and 
ef. The string polygon thus being closed, E is located at the 
intersection of lines from D and O parallel respectively to de and 
oe. F can now be located at the intersection of lines from E 
and A parallel respectively to ^and af. The magnitude poly- 
gon is now closed, the direction of the ray OF is, of course, 
perfectly consistent with the string polygon being closed, and 
the required magnitudes and senses are DEy EFy and FA. 
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Observe that the key to this solution lies in drawing the 
first string through the point of intersection of two consecu- 
tively lettered unknown forces, and that the problem could also 
have been solved by starting od at the intersection of de 
and ef, causing oe to vanish, F to be located by aid of the 
string of, and E by parallels to de and ef from D a. d F respec- 
tively. 

Observe also that the graphic, unlike the algebraic, solu- 
tion, is not essentially more laborious in an instance like that 
of PI. IV than in PI. V. 

50a. Remarks on Cases 3 and 4. Case 3 may be looked upon 
as a combination oF Cases 4 and i, for any two convenient com- 
ponents of the force unknown in magnitude and direction might 
be substituted for this force. Then they and the other un- 
known could be handled by Case 4, and the two components 
combine J into the single required force by Case i. In fact it 
not uncommonly happens that the two components are as ac- 
ceptable a result in practice as their resultant and some labor 
is saved by substituting them. 

In a similar way Case 4 may be looked upon as a combina- 
tion of Cases 3 and 2a. The intersection of the two unknowns 
may be regarded as the given point of application of the re- 
sultant of the two unknowns, which can then be found by Case 
3, and resolved into its components, the required forces, by 
Case 2a. This view is of little value in practice, unless per- 
haps in throwing additional light on the graphic method for 
solving Case 4 given in the preceding section. 

Exercise 8. Sketch carefully free hand the graphic solution of each 
of the four cases, assuming the necessary data for each. 

Exercise 9. Same as Exercise 8, but done to scale as usual. 

Exercise 10. A derrick mast, supported by the usual socket and 
guys, is 40 ft. liigh and the boom is 60 ft. long. The boom is held at an 
inclination to the vertical of 30 degrees by a stay running from its upper 
end to the top of the mast. If a weight of 5000 lbs. be suspended from 
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the end of the boom, what would be the forces transmitted through the 
boom and stay ? 

Solve graphically and algebraically, in the latter case using the Ax and 
Ay equations, and also by two moment equations of § 41. 

Exercise 11. A uniform beam rests upon supports at the ends at the 
same level. The length of the beam is 20 ft. It carries vertical loads of 
10, 20, 30, 40 cwt. at 5, 8, 13, and 16 ft. respectively from the left ends. 
Its own weight is 5 cwt. Determine the reactions -^1 and 7va at the ends. 
Solve by both methods. 

Suggestions. Draw the data diagram to the scale i in.= 5 ft. One 
data diagram serves as usual for both methods of computation. A 
single heavy line will suffice for representing the beam. 

Letter forces in the space diagram in continuous circuit around the bar. 

For the algebraic solution apply § 41, determining i?i and Tv'a each by 
an independent equation in the form given in PI. 11^. 

7?i and /?« once determined, c/i^c^ by seeing if Ax and Ay are 
satisfied. 

Exercise 12. A body in the shape of an isosceles triangle is supported 
by a smooth hinge at one of the equal angles and by a smooth horizontal 
plane (at the same level as the hinge) at the other. Assume three un- 
equal parallel forces normal to the slope on the side next the hinge to be 
given, and determine fully the pressures on the hinge and plane. Solve 
by both methods. 

Exercise 13. P\, P%, Pt, P^, and Pt (Fig. 12) are known forces acting 
on the body shown, and Q, R, and S are known only in line of action. If 




Pi 



Pa 
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Fig. 12. 



the magnitudes of the given forces are 4000, 3000, 2000, 1200, and 1500 lbs. 
respectivelv, determine the magnitudes (and senses) of Q, 7?, and S by 
both methods. 

Suggestions. Construct the data diagram carefully. Scale i in. = 5 ft. 
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See PL IV for solution by the usual Ax* Ay, and B, Observe what labor 
this solution involves. 

Use the method of § 41 and solve, scaling arms from the drawing 
only for checking. In writing the equation it will be convenient to 
write some of the moments in the form Py^a, and some in the form 
Pco^ay — Psxna x. (Cf. Plate V.) 

Exercise 14. A square plate (Fig. 13) weighing 900 lbs. is held in a 
vertical plane, with its edges inclined 30** to the horizontal and vertical, 




Fig. 13. 

by a horizontal force and forces along two adjacent sides as shown. 
Determine these three forces graphically only. 

Suggestions. Though this is clearly Case 4, note and use the short 
cut possible in this special case where there are two pairs of forces con- 
cerned whose resultants are necessarily equal, opposite, and coincident. 
Putting in this common resultant — which will naturally be lettered ac— 
there are two groups of concurrent forces, ad, be, and ac, and ac, cd, and 
da. In the first ab is known, whence be and ea follow by Case 2a ; uc 
can then be resolved similarly into ed2Xi^ da. 

Note that what makes this exercise a special case is that there is only 
one known force. The method just pointed out maybe regarded as the 
standard method of resolving a force graphically into three components. 

The algebraic method if called for would have employed the three 
moments equations as usual in Case 4. 

What could be specified as to the position of the pole in the general 
method of Case 4 which would lead to a solution identical with this 
short cut ? How are all four sides of the string polygon then ac- 
counted for? 

Exercise 15. Resolve (both graphically and algebraically) a given 
force of any convenient assumed magnitude into two parallel com- 
ponents whose points of application are 

{a) On opposite sides of the given force. 

(b) On the same side of that force. 
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Suggestions. Avoid a small scale for the space diagram. As is usual 
in this Case, the equations of moments are to be preferred to the 
Am» Ay, and B equations for the algebraic work. 

Note. — For further general problems in statics, the reader is referred to 
Appendix IV and to such works as Loney's Statics, Bowser's Analytical Me- 
chanics, Minchin's Statics, Walton's Problems, etc. The reader seeking practice 
among the problems there given must be prepared in many of those problems for 
a large amount of geometrical analysis and trigonometric reduction merely con- 
tributory to the purely statical solution. 



CHAPTER VII. 
ADDITIONAL GENERAL TOPICS AND PROCESSES. 

51. Graphic Representation of the Moment of a Force. 

— Theorem. If, through any point, a line be drawn parallel 
to a given force, P, the distance, y^ intercepted from this line 
by the two strings belonging to the force is a length such that 
when multiplied by the force H, measured by the perpendic- 
ular dropped from upon the given force in the magnitude 
diagram, the result will be numerically equivalent to the mo- 
ment of P about the given point. 

Proof. — Let m (Fig. 14) be any point whose perpendic- 
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ular distance from the line of action of P is /. If P be lettered 
aby and the pole be taken and the string polygon be con- 
structed as shown, ^ is a length such that 

Hy^Pp, 

6a 
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For, noting the similarity, by construction, of the triangles 
OAB and the one bounded by oa, ob, and the line through w, 
it appears that 

AB : H = y : p, 

or as AB represents the magnitude of P, 

Hy = Pp. Q. E. D. 

The intercept^ may accordingly be said to represent the 
moment of P about in, it being understood that, to get the 
numerical value of this moment, y measured in the proper 
scale of lengths must be multiplied by H measured in the 
proper scale of force magnitudes. 

So far H and^ are simply a force and a distance whose 
product is the same as that of P and /. There are of course 
an indefinite number of forces and distances whose products 
will have this value, and the substitution if desired might be 
m.ade in simpler ways even than by this theorem, if that were 
all that is desired. With a series of parallel forces, however, 
treated as usual with the magnitude and string polygons, H 
will be constant for them all, and aided by this fact the theorem 
leads to a convenient graphical method for the treatment of 
moments which will be developed in the next section. 

Observe that the strings oa and ob are simply any two com- 
ponents of Py and that H is merely their common component 
normal to P, 

52. String Polygon for Parallel Forces a Diagram of 
Moments. — As a corollary to the theorem of the preceding 
section, it may be stated that with parallel forces any two 
sides of the string polygon, extended if necessary, will cut from 
a line parallel to the forces an intercept which will represent 
the sum of the moments (about any point in that line) of all 
the forces at the apices of the polygon included between the 
two sides. 
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For example, suppose, in Fig. 15, the string polygon be 
drawn for any set of parallel forces (magnitude polygon not 
shown) which for the sake of generality are not taken in equi- 
librium and which are lettered preferably, though not necessa- 
rily, in the order of their occurrence. Lengths are intercepted 
on the line MN, parallel to the forces, which represent the 




Fig. 15. 

moments of groups of these forces about any point m on MN 
as follows. 

The intercept a^a^ bounded by oa and og represents the 
moment of ag by direct application of § 51; that is, it repre- 
sents the moment of the resultant of the whole set, and hence 
the sum of the moments of all the forces of the set. 

Similarly, a^a^ represents the moment of ^^; that is, the sum 

of the moments of aby be, and cd. Likewise a^a^ represents 
the moment of ^^; that is, oi de, ef, andy^ combined. 

Moreover, the intercepts are the actual summations of other 
intercepts each representing the moment of one of the indi- 
vidual given forces. Take, for instance, the last case, that of 
dcy efy andy^. Extending the strings oe and of till they cut 
MNy the resulting intercepts a^a^ , a^a^ , and a.a^ are seen by 
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§ 5 1 to represent the moments of de^ ef^ and fg respectively 
about w, and what is more, aji^ is their algebraic sum (—^3^4+ 
^ffl^—CLfi^y as it should be. 

The force //, it may be repeated, by which the lengths of 
these various intercepts must be multiplied to give the numeri- 
cal values of the respective moments, is the force represented 
by the perpendicular (measured in the same scale as the rest 
of the forces) dropped from O upon the straight line ABCD^ 
etc., upon which fall the parallel forces aby bcy cd^ etc., when 
they appear in the magnitude polygon. H being thus a con- 
stant force, the moments are proportional to the intercepts as 
above stated, and the string polygon for the parallel forces is a 
diagram of moments. 

53. Remarks on the String Polygon as a Diagram of 
Moments. — Referring still to Fig. 15, it will be useful to note 
the following facts and deductions. 

If the forces had been in equilibrium, og and oa^ the strings 
including the whole set, would have coincided and there would 
have been no difference between a^a^ and a^^^ except in sign, 
and their sum would be found to be. zero, as it should be. 

If the forces had been reducible to a couple, oa and og 
would have been parallel and a^a^ constant, as it should be, for 
the constant moment of a couple. 

Where oa and og intersect, a^a^ would vanish, as it should 
do, for that intersection is known to be on the line of action of 
the resultant of the set of forces. 

If the forces in the given set are not parallel, the string poly- 
gon can still be made to yield the sum of the moments about 
a point of any consecutively lettered group of these forces. It 
is only necessary to draw a line through the point parallel to 
their resultant, scale the intercept from this line by the strings 
inclosing the group, and multiply it by the ^for this particu- 
lar resultant. The process is a straightforward application of 
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§51. Since in general no two resultants will have the same H^ 
or be in the same direction, the string polygon for non-parallel 
forces is not a diagram of moments in the same useful sense as 
when the forces are parallel. 

Hence the string polygon is not only an equivalent to an 
equation of moments in its scope and uses, but also an exact 
parallel to it in that it readily gives the value of any term of 
that equation and is simply a graphical means of finding and 
summing the values of those terms. 

If any set of forces whose magnitude polygon closes is not 
reducible to a couple, the intercept from any line whatever in 
the plane by the two extreme strings must be zero. This could 
not be unless these two strings coincide, or, in other words, 
unless the string polygon close, a fact the converse of which 
could be taken as a demonstration of the preclusion of rotation 
by the closure of a string polygon alternative to that of § 32. 

If the set of forces is reducible to a couple, the resultant 
looked upon as a sjngle force is indeterminate in direction (cf. 
Exercise 7). Nevertheless its moment can still be found from 
the string polygon by assigning it any convenient direction, 
taking the intercept by the extreme strings (lettered, say, oa and 
on) from a parallel to it and multiplying this intercept by the 
H measured by the perpendicular from O dropped upon a par- 
allel to the intercept drawn through the two coinciding points 
A and Nm the magnitude polygon. The process by which 
the result was evaluated in Exercise 7 may be regarded as 
really an application of this method, in which a direction normal 
to the extreme strings was assigned to the resultant, making 
//"identical with OA. 

54. To Pass a String Polygon Through Three Given 
Points. — A process called passing a string polygon through 
three given points is sometimes useful in the study of the equi- 
librium of structures. It consists in locating a pole for a set 
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of two or more forces so that three specified strings of the result- 
ing string polygon will each (prolonged if necessary) pass 
through one of three given points not in the same straight line.* 
Problem. — Suppose, for example, that the forces in Fig. 16, 




aby bcy cdy and dey their magnitude polygon ABCDEy and the 
three points m^y m^y and m^h^ all given, and that it is required 
to select a pole so that oay oCy and oe will pass respectively 
through m^y m^, and m^. 

Solution. — Taking a pole 0^ at random, determine (Case 
3) two forces CC^ and AC^y the former acting at m^m any 

* If there is only one force in the given set, the string polygon can still be 
made to pass through three points not in a straight line, but two of the points will 
of course have to be on one of the strings. 
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convenient direction, and the latter at w^ in a direction deter- 
mined accordingly, such that they and the given forces ab and 
be, intervening between m^ and m^, will constitute a set in 
equilibrium., Now, when oc passes through m^ as required, oc^ 
will have to pass through m^ and w^ in order to close the string 
polygon for this balanced set. It follows, moreover, for the 
same reason, that if oc^ passes through m^ and m^, oc will have 
to pass through m^, and working backwards, oa will have to 
intersect oc^ again at m^. Therefore an O taken anywhere 
on a line through C^ parallel to m^^ will be one for which, if 
oa be drawn through Wp oc will pass through ni^. 

Repeat this process, determining an AE^ and an EE^ at m^ 
and m^ respectively, which would balance ab, be, cd, and de, — 
AEy^ and EE^ corresponding exactly to the AC^ and CC^ 
respectively of the preceding step. Then reasoning as before, 
an O taken anywhere on a line through Ey^ parallel to m^^ will 
be one for which, if oa be drawn through m^, oe will pass 
through vty 

Therefore the intersection, (9, of lines from C^ and E^ par- 
allel respectively to tn^m^ and m^m^ will be the required pole 
for which if oa be passed through m^, oc will pass through m^ 
and oe through m^ as required. The string polygon oa^ ob, oc^ 
ody oe can now be constructed at leisure. 

The foregoing process may be described in general terms 
as follows. 

If for a set of given forces, ab, be, cd . . . yz^ it be required 
to pass any three specified strings, od, ol, and os, of their string 
polygon respectively through the given points m^, m^, and m^ 
not in one straight line, draw a string polygon at random 
from a pole (X selected at random, beginning with the string 
o'd, making that pass through m^, and by working both ways 
complete this random polygon at least as far as o's. Use this 
string polygon to determine (Case 3) 11^ and dl^ and ss^^ and 
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ds^ (Jl^ and ss^^ being assumed to act at nt^ and m^ respectively 
in any convenient direction, and the other two forces at m^ 
and determined accordingly), which would balance de . . . kl^ 
and de , . , rs respectively. DL^ and DS^ do not need to be 
drawn. Parallels to tn^m^ and m^m^ through L^ and 5^ re- 
spectively will locate the required pole O at their intersection. 
To draw the required string polygon, od will be drawn first and 
made to pass through nt^. Then working both ways, the 
polygon is completed. 

The problem obviously does not admit of solution when the 
three points are in a straight line. 

It is advisable to take O' so that the random string poly- 
gon will lie as well as possible out of the way of the final 
required string polygon. 

The random string polygon can be obviated if desired by 
an algebraic computation of the magnitude and direction of such 
a force as OD of the preceding general problem. D being 
given, O can then be plotted directly. 

To determine OD we need to observe that its point of appli- 
cation m^ is given, and that the resultant of it and de . , . kly 
and of it and de . . . rs must pass through m^ and m^ respec- 
tively. 

It will be well to consider od replaced by its horizontal and 
vertical components meeting at m^y whose magnitudes and 
senses * can be determined from two simultaneous equations of 
moments for centers respectively at m^ and Wj, the first one for 
the series of forces de . . . kl and the unknowns, the latter for 
the series de . , . rs and the unknowns. 

Combining the two components (by Case 2^), the required 
OD is found, and O can be plotted. 



*It will be found advisable, in order to avoid error in such simultaneous 
equations, to assume senses of the components arbitrarily and show them in the 
sketch of data subject to subsequent correction on the solution of the equation. 
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It will be highly desirable in practice to check this loca- 
tion of O by determining in a similar manner the magnitude 
and direction of SO. The centers will be at m^ and m^ and in- 
cluded in the equations, besides the two unknown components 
will be the sets sr . . . mly and sr . . . ed respectively. 

The object of the whole process is sometimes merely the 
determination of forces at two of the points, such as the (9Z)and 
OS of the preceding work. The foregoing section constitutes 
therefore a complete description of the solution of such prob- 
lems by both the algebraic and graphic methods. (Cf. § 86.) 

Exercise i6. Assume any set of seven vertical forces uniform in sense 
and letter them in the order of their occurrence ab, . . . gh. Assume 
three points mx^m%^ and m^ not in the same straight line and at the left 
of abt between de and ef, and at the right of gh respectively. Pass a 
string polygon for the assumed forces through the three assumed points 
so that oa, oe, and oh will go through »«i , wj , and mt respectively. 
Solve graphically only. 

Remark. Assuming the set of forces as specified does not interfere 
with the generality of the method required and will save some labor. 

55. An Alternative View of the Rays and the String 
Polygon. — Each two successive rays may be regarded as two 
components of the force with which they form a closed force 
triangle, and, moreover, by reversing them in sense, as com- 
ponents respectively of the forces next preceding and follow- 
ing that force in the magnitude polygon. Inserting these 
pairs of components in place of their respective resultants, there 
will result a set equivalent to the given set. If by moving the 
assumed point of intersection of the components along the lines 
of action of their resultants the pairs of equal and opposite com- 
ponents of the consecutively lettered forces can all be made 
coincident, the components must be a set in equilibrium, and 
hence the original set must have been as well. 

The fact that the components were pairs of equals as well 
as opposites could only be if the magnitude polygon closed. 
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The pairs all coinciding form the closed string polygon. The 
lines of action of pairs of coinciding forces constitute the 
strings. 

If the pairs of equal and opposite components all coincide 
and neutralize one another but one, that pair of components 
constitutes a couple to which the given set is reducible. 

If the set is not reducible to a complete set of pairs of equal 
and opposite components (a case which can only arise when the 
magnitude polygon fails to close), there will be only one pair 
not of this character. The pairs of equals and opposites could 
be made to coincide throughout in the space diagram as usual, 
leaving the other two to locate their resultant passing through 
their intersection, a resultant likewise that of the given system. 

From the preceding three paragraphs could be deduced 
anew the principle that the closure of the magnitude polygon 
and the string polygon insures equilibrium. 



PART II. 



APPLICATIONS. 



CHAPTER VIII. 
CENTERS OF GRAVITY. 

56. Center of Gravity. — The center of gravity of a body 

is that point through which the resultant of the gravity forces 
acting upon all parts of the body will pass, whatever the atti-. 
tude of the body, or what amounts to the same thing, whatever 
we may regard the slope of the gravity forces, so long as they 
remain parallel.* The center of gravity may be looked upon, 
then, as the invariable point of application of the force which 
represents the weight of the body. 

Since the moment of the weight of the body, referred to any 
plane, is evidently equal to that of the weights of all the parts 

— I ■ — -■■ 

* Strictly speaking, the center of gravity is a point in which the whole mass of 
a body might be concentrated without affecting gravity attractions existing between 
the body and all other bodies, whatever may be their relative distance and 
position. 

Very few bodies have a true center of gravity. What is commonly called the 
center of gravity would more properly be called center of mass or center of area. 

All centers of gravity are also centers of mass, but ail centers of mass are not, 
strictly speaking, centers of gravity. 

The term center of gravity is so thoroughly fixed by general usage in the sense 
above given, and the need for making the distinction is so rare, that there is no 
great need for urging the substitution of the more accurate terms. For further 
discussion of this distinction see Du Bois, Mechanics, voU 2, chap. 4. 

72 



CENTERS OF GRAyiTY, 73 

referred to the plane, we can write (conceiving gravity acting 
parallel to the plane) : 

that is x^w = 2(wx) 

likewise j^2w = 2(wj^) - , . . . . (i') 

also £f2w =z 2(ws) 



r 



where x, y^ "z and x^ y, z are the coordinates of the centers of 

gravity of the whole and of parts of the body respectively, and 

w the weights of these parts. 

It is often required to find 'x, ^, z, and to do it we need 

only to divide the body into parts whose x^ y^ z can readily be 

determined, and apply from (i') 

- _ ^^^) - _ ^(wy) _ _^ 2(wz) 

Equations (i) show that for all planes or axes of reference 
passing through this center of gravity, i.e. for J = o, J' = o» 
and z= Of 

2(wx) = o; 2(wy) = o; 2{wz) = o; . . . (2) 

as might have been foreseen. 

It is often convenient to apply the term center of gravity 
to bodies irrespective of their weights or to those having no 
weights, as geometrical shapes, and planes and lines, meaning 
thereby the point which would be the center of gravity of the 
body if the body were of uniform density or had weight pro- 
portional to volume, area, or length. Any factor introduced 
to express weights in terms of volumes, areas, and lengths 
would cancel out of equations (i) and (2) and leave simply 
volumes and areas and lengths in place of weights, to be treated 
exactly like weights. In (i) and (2), then, might be substi- 
tuted Vj Uy or / for w. In the following work attention will be 
devoted mainly to the center of gravity of areas, and they like 
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lines will preferably be referred to two rectangular axes, and 3 
will disappear. 

In the foregoing the term ** system of bodies *' (if the bodies 
be understood to be fixed relatively to one another) might be 
substituted for * * body. * * 

Statically the location of a center of gravity is the location 
of the point of application of the resultant of a set of parallel 
forces, a simple special case under Case i requiring only the 
familiar equations (of which (i) above is, of course, a deriva- 
tive) and polygons. 

In the case of simple and symmetrical bodies the result of 
applying equations or polygons can, of course, be seen at once 
by mere inspection, just as can sometimes be done with other 
statical problems. 

The center of gravity of a straight line is evidently its 
middle point; of a rectangle is the intersection of normals to 
the centers of its sides ; of any parallelogram the intersection 
of its diagonals ; of a circle or ellipse its geometrical center; of 
a triangle the intersection of its medial lines. This opens the 
way for proof by the general method that the center of gravity 
of a trapezoid is the intersection of the line connecting the 
middle points of its parallel sides with the diagonal connecting 
points found by extending each of the parallel sides in opposite 
directions by an amount equal to the length of the opposite 
side, or at the intersection of two such diagonals. (Fig. 17.) 



The center of gravity of a surface bounded by a curved line 
is, of course, treated by equation (i), but for strict solutions 
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in such cases subdivisions w are made infinitesimally small and 
the problem falls into the field of the integral calculus rather 
than arithmetic, without, however, introducing any new stati- 
cal principle. The solution may be approximated with any 
desired degree of exactness by arithmetical methods by mak- 
ing the parts w smaller and smaller. 

In the case of a segment of a parabola cut off by a chord 
normal to the axis, if b be the length of such chord and k its 
distance from the vertex, integration will show that its area is 
f M, and that its center of gravity is on the axis distant ^k 
from the vertex (Fig. i8). The center of gravity of a circular 



Fig. i8. 



sector IS shown by similar means to be distant from the center 

of the circle on the central radius by |r — ^— , where r is the 

radius of the circle and d is half the central angle of the sec- 
tor in circular measure. 

Any plane surface which can be divided with sufficient 
exactness into triangles, rectangles, trapezoids, parallelo- 
grams, segments of parabolas, or sectors of circles can accord- 
ingly be treated by the general method. For a surface it is 
necessary in general to assume the gravity forces acting first 
in one direction, then in another, it may well be, at right angles 
to the first. The point common to the two resultants for the two 
different directions for the forces will be the center of gravity. 

Numerical example. Required the location of the center 
of gravity of the irregular surface shown in Fig. 1 9. 

Solution. Taking the origin at the lower left-hand corner, 
and dividing the figure into two rectangles and a semicircle, the 
areas and the coordinates of the centers of gravity of each of 
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these divisions are worked out and recorded in the figure for 
convenience in reference. The center of gravity of the semi- 




// 



r 10^^^ ^ 



Fig. 19. 
circle is, according to what has been said just above as to the 
center of gravity of a sector, 



n 
2 X 4 X sin - 

7t 



8 
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= 1.70 in. 



above the center of the circle, making the ordinate of the 

center of gravity 2.0 + 4.0-f- 1.70= 7.70 in. as shown. 

Algebraic method. Calling x and ji/ the coordinates of the 

center of gravity of the whole figure, the algebraic solution can 

conveniently be arranged as follows : 

25.1 X 4-0 = 100.40 25.1 X 7^7 = 193-27 
32.0 X 40 = 128.00 32.0 X 4.0 = 128.00 
20.0 X 5.0 = 100.00 20.0 X i.o = 20.00 



77.1 X ^ = 328.40 
__ 328.40 



77.1 xjv = 341.27 



X = 



77.1 



. « 341.27 
= 4.26 m. y = ^^ = 4.43 m. 
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Graphic method. Considering forces proportional to the 
areas of the divisions acting in two directions at right angles to 
each other from the centers of gravity of their respective divi- 
sions, and locating the resultant of each of these sets of parallel 
forces by the usual method, the required center of gravity is 
found at the intersection of the two resultants. This work is 
done in Fig. 19, with results agreeing with those found above. 
One magnitude polygon only is required. By transferring nor- 
mals to its rays as well as parallels, both string polygons can 
be constructed. 

The reader interested in a wider range of applications of 
the principles of this chapter is referred to works such as those 
mentioned at the close of Chapter VI, in addition to which 
might well be mentioned Rankine's Applied Mechanics, or 
Weisbach's Mechanics. 

Exercise 17. Find the center of gravity of any irregular figure 
bounded by curves and straight lines. Solve both graphically and alge- 
braically. 

Suggestion. Select the figure from among the rolled-steel sections, 
such as the channels, unequal-legged angles, bulb angles, deck-beams» 
etc., given in the Carnegie, Cambria, Pencoyd, or other manufacturers* 
handbooks. Results may then be compared with those given in the 
handbook. 



CHAPTER IX. 
STRESS. 

57. External and Internal Forces. — External forces upon 
a body are forces exerted upon that body by or through 
another body. 

Internal forces in a body are those transmitted to one part 
of that body through another part of the same body. 

Investigation of external forces determines whether a body 
as a whole is stable, without regard to whether all parts are 
strong enough to do what is required of them. Investigation 
of internal forces determines the strength required of the parts 
to insure the stability of the whole. A knowledge of both 
external and internal forces is therefore indispensable. Both 
internal and external forces are, of course, subject to the gen- 
eral laws governing forces. 

The internal forces at any section of the body hold in equi- 
librium the external forces on either side of section. 

58. Stress, — Stress is the tendency to distortion or rupture 
in a body due to the action of the external forces. It is a 
measure of the responsibility of the body or of a specified part 
of the body in service. 

Stress may vary greatly in the various parts of the body, 

and it is necessary in any study of it to compute the stresses 

in existence at one or more plane sections of the body. In 

such cases the plane of the section will divide the body into 

two segments, and the external forces into two sets, one acting 
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directly on one segment, the other on the other. The two 
equal, opposite, and coincident resultants of these two sets of 
forces may be looked upon as the immediate cause of the stress 
and its measure as well. The magnitude of the stress depends 
upon the common magnitude of these two resultants, and its 
nature upon their other elements. 

The determin?Ltion of stresses, then, is simply the deter- 
mination of elements of forces — a statical process pure and 
simple and one of the most important fields of application of 
statics. It will receive much attention accordingly. 

59, Kinds of Stress, — The resultants mentioned in the 
preceding section may, of course, be either single forces or 
couples, and four special cases of stress are distinguished, each 
corresponding to a special direction for these single forces and 
to a special position for the planes of the couples. 

With the single force resultants there is Normal Stress or 
Tangential Stress (more commonly called Shear) at the sec- 
tion according as the resultants are normal or parallel to the 
section. Their common magnitude measures each stress. 

With the couples there is Flexure or Torsion at the sec- 
tion according as the couples are in a plane normal to the sec- 
tion or in planes parallel to it. The common magnitude of 
the couples measures the stress. 

60, Combined Stresses. — As a matter of fact, however, 
the resultants are very frequently not in any one of these four 
simple relations to the section, and there results some combi- 
nation of the four stresses accordingly. If the single force re- 
sultants are inclined to the section there exists both normal 
stress and tangential stress, each measured by the common 
magnitudes of the components normal and parallel to the sec- 
tion respectively. If such resultants fail to pass through the 
center of gravity of the section it will be convenient to observe 
that by § 20 each resultant is equivalent to a force acting at 
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that point* and a couple, and in such cases accordingly there 
would be combined normal stress, shear, and flexure. If 
the forces are non-coplanar, there may be still another 
couple in a plane parallel to the section, and torsion will be 
present in addition to the other stresses. 

If there is normal stress or shear at the section as well as 
flexure, as is usually the case, the resultant couple which will 
measure the flexure is the resultant of the set made up of all the 
forces external to the body acting on the segment and also a 
force, internal to the body but external to the segment, equal, 
opposite, and parallel to these external forces conceived to be 
applied at the center of gravity of the section. t 

In other words, flexure may be looked upon as measured 
by the couple remaining after providing the forces which will 
prevent motion of the segment normal or parallel to the section. 

6i. Further Particulars Relating to Stress. — Normal 
stress is divided into its more familiar subdivisions, compreS' 
sion and tension, according as the resultants act from their 
respective segments towards or away from the section. 

Shear and Flexure are similarly subdivided according to the 
relative senses of the resultants, but their subdivisions have no 
established names, and are distinguished from each other by 
the adjectives positive and negative, arbitrarily applied. These 
distinctions are rarely needed except in the case of horizon- 
tal beams subject to vertical loads, in which the sections 

* Any other convenient point might be selected, but, as a principle of Resistance 
of Materials worth noting in passing, it may be said that there is no advantage in 
making the substitution of the force and the couple unless the center of gravity be 
the point of application of the force. It is known how to provide for a force so 
applied, but not for one elsewhere, except by this substitution, 

f If this force be taken into account the value of the flexure would be independ- 
ent of the center chosen, as the value of a couple is coustant for all centers in 
the plane (§ 23). But taking the center of moments at the center of gravity the 
moment of this force vanishes and the force need not then be determined for the 
calculation of the flexure. 
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are taken normal to the axis of the beam, i.e. vertical. In 
such cases it is natural and customary to call shear and flexure 
positive when the left-hand segment is subject to an upward 
force or clockwise couple respectively, and vice versa. 

Under normal stress a body simply tends to lengthen or 
shorten (according as the stress is compression or tension) 
along a line at right angles to the section. Compression is 
the stress typical of columns, posts, struts, and pedestals. 
Tension is typical of ropes and chains in service, or tie-rods. 
Anything through which a push is transmitted is in compres- 
sion, and anything through which a pull is transmitted is in 
tension. 

In Shear one segment of the body tends to slide by the 
other with no tendency to rotate about an axis normal to the 
section. Shear is the stress typical of rivets; in fact, their 
main purpose is usually to resist this kind of stress. The 
shearing resistance of the rivet in Fig. 20 prevents it from 




Fig. 20. 

being separated into three parts by shearing on the planes of 
contact of the plates which it connects. Another illustration 
of shear is to be found (Fig. 21) in the plane indicated by 
the dotted line in the timber receiving thrust from the rafter. 

Flexure is simply a tendency to bend. Familiar examples 
are a stick bent over the knee, or a loaded floor joist. 

Torsion is a twisting tendency due to the two segments of 
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the body tending to rotate in opposite directions about an axis 
normal to the section. Torsion is the stress typical of shaft- 
ing for the transmission of power. It is rarely permitted else- 
where if it can be avoided. 

When it is said that Flexure or Torsion exists at a given 
section it means that the segment of the body on one side of 




Fig. 21. 

the section is likely to bend or twist respectively with respect 
to the other segment. These two stresses may be looked upon 
as complex cases of normal stress and shear respectively, i.e. 
cases in which the tendency to failure under the normal stress 
or shear varies in different parts of the section. It is familiar 
fact that the upper and lower surfaces of a bent beam and the 
surface portions of a shaft are subject to severer stress than the 
interior portions. 

Familiar examples of combined stresses occur in beams 
subject to transverse . loads in which shear and flexure appear 
together; in shafting in which shear, flexure, and torsion ap- 
pear together, to which may be added compression if the shaft 
is vertical. 

A stress is fully described as soon as its magnitude and 
nature are stated, nature being here understood to include 
algebraic sign as well as kind (§ 59). 



CHAPTER X. 
STRUCTURES. 

62. Structures. Definitions. — Structures are simply artifi- 
cial contrivances for supporting loads or resisting the active 
forces of nature. They must resist the stresses due to the 
action of these loads or forces on the one hand and the reaction 
of the earth's surface on the other. They may be very simple 
(as mere posts, pedestals, tension rods), acting under com- 
pression alone or under tension alone,, and such may be desig- 
nated by the term elemental structures. In general, however, 
the term structure will be understood to mean only the 
complex kind, such as are subject as a whole to bending and 
shear. 

As regards their composition, structures may be divided 
into two broad types, {a) framed, and {b) non-framed. 

A framed structure, or frame, is one composed of a series 
of straight bars fastened together by their ends only, so as a 
whole to make substantially one rigid body. 

Ideally (that is, if the joints could be made frictionless 
hinges, if the weights of the bars could be made to act only 
at their ends, and if all other loads are applied only at the 
joints) the stress in each bar of a frame would be purely axial 
(i.e., pure tension or pure compression), making each member 
an elemental structure. 

Such ideal frames are also called true frames, and are what 
is meant when frames are referred to without further description. 

The nearest actual approximation to a true frame is a pin- 
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connected truss. Indeed pin-connections have been used very 
widely in truss construction largely because the assumed condi- 
tions of computation can thus be most nearly realized in prac- 
tice (cf. § 63). 

The resultant of the external forces at any section of a true 
frame is resisted by elemental members into which the section 
can easily be analyzed (for the center lines of the bars must 
be the lines of action of the forces internal to the structure) and 
each pin or joint is in equilibrium under the action of a set of 
concurrent forces. 

A non-framed structure is one consisting of one continue 
ous member or of a number of members so fastened together 
throughout their lengths as to make one solid piece. 

A non-framed structure cannot be analyzed into separate 
elemental members. The flexure and shear at any section is 
resisted by the whole section under stress varying in intensity 
from point to point of the section according to more or less 
complex laws. 

The relations between the external forces are entirely in- 
dependent of whether the structure is framed or non-framed. 
The difference in the types is wholly one of internal make-up, 
and effects the method of dealing with internal forces only. 

The periphery of a frame constitutes what are called the 
two chords of the frame, the portion of the periphery bounded 
by the end joints on the upper side of the frame being further 
designated as the top, or upper, chord and the one on the 
lower side as the bottom, or lower, chord. 

63. Extent of Approzimation to True Frames in Practice. 
— Outside of the fact that joints cannot possibly be made fric- 
tionless, and that the weights of the bars cannot possibly be 
made to act only at their ends, true frames are very uncommon. 

Compression chords, that is, the large part of the periphery 
of every frame which is subject to compression, are usually 
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made stiff at the joints. Other members may be hinged to 
them, but the chords themselves are not broken at the joints, 
or are so rigidly spliced as to be practically continuous and 
hence stiff. Moreover, trusses are frequently made with no 
hinge joints whatever, but with tightly riveted connections. 

The conception of the true or ideal frame as above defined 
is, however, fundamental to the design of all these structures, 
and is the hypothesis upon which the normal stresses in the 
members are determined. The difference between this ideal 
frame and actual ones can, by proper design and construction, 
be rendered negligible. When, however, the difference is 
permitted to be considerable, means are available for estimat- 
ing and providing for the so-called secondary stresses thereby 
produced. 

If the axes of the various bars intersect at common points, 
i.e., if the forces at a joint are really concurrent, secondary 
stresses are considered negligible in spite of the joint being far 
from frictionless. This is due to the materials being so nearly 
rigid that only very slight changes of shape in the structure 
occur and hence there occurs only a very slight tendency for 
the bars to turn about the joints. The forces themselves by 
meeting at the joint produce no tendency of this kind. 

64, Loads Applied Elsewhere than at Joints. — It occa- 
sionally happens that loads must be brought to bear on frames 
at points where there is no joint, and where it is not practicable 
to make one by the addition of more bars to the frame. The 
result is that the bar to which the force is applied has to do 
double duty — that of any frame member subject to tension or 

compression and also that of a beam or girder subject to shear 
and flexure. 

In its capacity as a beam the bar transmits its transverse 

loads to the frame in the form of reactions upon the joints by 

which the bar is incorporated into the frame. These reactions 
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are determined as in any case of a beam with given loads and 
supports. Reversing their senses, they are the forces acting 
on the joints of the frame. Making these determinations and 
substitutions the frame can be analyzed as usual. The shear 
and flexure for which (in addition to their tension or compres- 
sion as part of the frame) the bars subject to transverse loads 
must be designed are determined as for any beam. 

This form ol construction is uneconomical of material, and 
is usually to be avoided. 

Strictly speaking, all bars of a material frame are in the 
condition just described owing to their own weight, but in 
frames of moderate size the resulting shear and flexure in indi- 
vidual bars is neglected even though the frame itself is analyzed 
for tensions and compressions due to its own weight considered 
concentrated at the joints. 

For example of a frame illustrating this section see § 84 
and Exercise 27. 

65. Frames in General. — Frames may be (a) complete, 

(6) incomplete, or (c) redundant. A complete frame is one 
composed of just enough bars to insure its keeping its shape 
under all conditions of loading. If it has fewer bars than this 





Fig. 22. 





Fig. 23. 




FiQ. 24. 
requires, but nevertheless is able to carry a load if properly 
distributed, it is incomplete, and if more, it is redundant. 
Examples of each are shown in Figs. 22, 23, and 24 re- 
spectively. 
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Since the triangle is the only geometrical figure in which 
a change of shape is precluded unless the lengths of its sides 
are changed, the triangle is necessarily the basis of arrange- 
ment of the bars in a frame* 

A complete frame must accordingly be made up of the 
minimum number of bars consistent with its being composed 
wholly of'triangles. Removing a bar common to two triangles- 
would render it incomplete. Adding bars to a complete frame^ 
as by adding the second diagonal in one or more quadrilaterals^ 
renders it redundant, but if such bars are capable of resisting' 
one kind of stress only, as in the case of counters, the redun- 
dancy may be only apparent. See § 83 and Exercise 26. 

Complete frames are the type which is usually closely ap- 
proximated, and which accordingly receives most attention. 

Their analysis involves only a straightforward application 
of the familiar principles of statics. 

Incomplete frames are stable only under symmetrical or 
other specially arranged loads. Under such loads they are 
analyzed with as much ease and certainty as Complete 
Frames, and require no further explanation. 

Structures having outlines of incomplete frames may resist 
loads of any distribution by virtue of the flexural strength of 
members continuous through several joints, but such structures 
are not true frames and require special treatment, which takes 
note of the ability of some of their bars to resist bending. 

Redundant frames * will resist loads of any distribution, and 
some forms are not uncommonly found advantageous in use. 
Their analysis involves statically indeterminate problems and 

* A test for redundancy can be worked out as follows. Beginning with a tri- 
angle, each two bars added establishes a new joint. Then if 3 -|- jc equals the 
number of joints, the number of bars for the complete structure will be 3 -f- 2x, i.e., 
twice the number of joints minus 3. Therefore, for complete frames, if m equals 
the number of bars and n equals the number of joints, m equals 2«-— 3. If m is 
less than (2^—3), the frame is incomplete; i£m is more than (211—3), the frame 
is redundant. 
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thieir stresses therefore cannot be worked out by purely statical 
methods, but with special data as to the material, or as to the 
perfectness of workmanship, or by the aid of some outright 
assumption as to probable action of the bars, a more or less 
satisfactory estimate of stresses can be made. 

66. Loads. — Loads are {a) permanent or dead, those which 
are always present; or {b) moving or live, those which are 
*only occasionally present. 

The permanent load for roofs is the weight of the roof cov- 
ering, purlins, trusses, etc. 

The live load for roofs is wind pressure, snow, etc. 

The permanent load on bridges is the weight of the floor, 
trusses, etc. 

The live load on bridges is the weight of trains, carts, 
crowds of people, wind pressure, etc. 

Loads which act simultaneously on a structure may or may 
not be considered all at once in the determination of stresses. 
If they are not considered all at once the total effect is ob- 
tained by simply taking the algebraic sum of all the stresses 
caused by the partial loads. It is usually desirable in practice 
to follow this course for the sake of avoiding very serious com- 
plications in the work. 

The way in which stresses are provided for falls within the 
domain of Resistance of Materials. 

67. Stresses in Structures. — As has been stated, stresses 
result directly from external forces. External forces are either 
loads or reactions. Loads are always known or assumed and 
the reactions determined accordingly by the methods already 
developed, commonly Case 2b or Case 3.* 

* It may be noted that certain cases of statically indeterminate problems occa- 
sionally arise in connection with reactions. An example would be found in a 
beam resting on three or more supports, giving rise to three or more parallel 
reactions. The reactions can be worked out in such cases, by the aid of the laws 
of elasticity, involving methods outside the scope of this book. The need of re- 
sorting to such methods is usually avoided in the design of the structure. 
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As soon as the reactions are known, the external forces are 
all known and the stresses can be determined as a purely statical 
matter by methods to be inferred from the discussion of stresses 
in §§ 58-60. As there stated the stress at any section is really 
a question of the resultant of all the forces external to the 
body on one of the segments into which the section divides the 
body. This resultant is a measure of what may be looked 
upon as normal stress, shear, flexure, or torsion whether 
the body is framed or non-framed. Before either kind o 
structure can be designed, however, the statical analysis must 
go a step further still. In the case of non -framed structures 
this further analysis is statically indeterminate and requires 
the aid of the elementary principles of Resistance of Materials 
for its accomplishment. Stresses in a non-framed structure are 
accordingly considered determined as soon as each of the four 
kinds of stress is fully known at a requisite number of sections. 

In framed structures this further analysis may be statically 
determinate. It consists in determining just how much tension 
or compression exists in each bar as a consequence of a given set 
of loads. The determination of stresses in a framed structure 
does not stop with the determination of normal stress, shears, 
flexures, and torsions in the body as a whole. In fact, in 
many cases it proceeds directly to the determinations of the 
tensions and compressions in the bars consequent upon the four 
fundamental stresses without stopping to find those stresses in 
their unanalyzed state at all. 

The next two chapters will state the statical processes ap- 
plied to each of the two kinds of structures after the external 
forces are all known. 



CHAPTER XI. 
STRESSES IN NON-FRAMED STRUCTURES. 

68. Stresses in Non*framed Structures. — In a non-framed 
structure, stresses are found at any section by finding the re- 
sultant of all the forces on one side of the section. Its com- 
ponents normal and parallel to the section will measure the 
normal stress and shear respectively, and the senses of the 
components will decide whether the former is compression or 
tension and the latter positive or negative. Taking the inter- 
section of the force' with the section plane as its point of ap- 

* 

plication, the moment of the normal component and of the 
parallel component about the center of gravity will measure 
the flexure and torsion respectively, and the signs of the mo- 
ments will distinguish between positive and negative values of 
the stresses. This process is simply Cases i and 2a combined, 

A process statically identical with the preceding is fre- 
quently more convenient in practice. In this process the com- 
ponents of the individual forces normal and parallel to the 
section are summed to get the normal stress and shear respec- 
tively, and the moments of the individual forces about the 
center of gravity of the section and about an axis through the 
center of gravity normal to the section are summed to get the 
flexure and torsion respectively. 

In non-framed structures, stresses have to be worked out 
at only a relatively small number of critical sections. It is 
sufficient at other sections to be sure that the stresses do not 
exceed certain amounts. Stresses existing at all sections can 
easily be shown, if required, as ordinates of properly con- 
structed curves. (Cf. Exercise i8.) 
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Exercise 18. A horizontal bar is acted on by (20 240° 5, o) (30 300° 8, o), 
(40 90° 20, o), and by a force at (o, o) whose line of action is inclined 30** to the 
horizon, and one at (12, o) unknown both in magnitude and direction. Establish 
equilibrium and determine all the stresses at a section through (10, o). Solve 
graphically only. Show clearly on the drawing how results were found and 
where they were scaled. 

See PI. VIII for a solution. 

Remarks. It will save labor if care be taken at the outset (as was done in 
the plate) to letter consecutively all the forces on either side of the section. This, 
of course, can always be done without interfering with the consecutive lettering 
of the unknown forces. If all the forces on one side of the section be known in 
advance (as in Exercise 20, a and b) the determination of the unknowns on the 
other side may be omitted. 

69. Shear Diagrams. — A diagram showing the value of 
the shear at all points of a vertically loaded beam can easily 
be constructed by selecting a horizontal base line and drawing 
parallels across the intervals between the adjacent forces at dis- 
tances above or below the base line proportional to the magni- 
tude of the sum of the forces on either side of the interval. 
Resultants of forces at the left of any segment indicate positive 
or negative shears and are set off upward or downward from 
the base line according as they are upward or downward. 

Thus, in Fig. 25, the values of the shears in proceeding 
from left to right are in the four intervals respectively, +5^ -//j 
—48.23, —18.23, and -{-31.77. The shear diagram is con- 
sequently as shown in the lower shaded diagram. 

The four numerical values just given are evidently the values 
of the resultants AB, AC, AD, and AEy and could have been 
projected across into their respective intervals from the magni- 
tude diagram. 

70. Flexure Diagrams. — Since the measure of flexure at 
any section is the sum of the moments about the section of all 
the forces on one side of the section, all that is necessary for 
obtaining a diagram showing the flexure at all sections of a beam 
under a set of parallel forces is to letter the forces in the order 
of their occurrence along the beam and draw their closed string 
polygon (§ 52). The intercept by this polygon from a line 
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parallel to the forces is proportional to the flexure in the sec- 
tion of the beam traversed by that line. The intercept needs 
only to be multiplied by the common H (§ 5i)of the forces to 
give the numerical value of that flexure. 

An example of a flexure diagram for a beam subject to a 
series of vertical forces is shown in the upper of the two shaded 
diagrams in Fig. 25. To find the flexure at any section all 





SCALE OF FEET 

6 10 

I » ■ I 

80 100 

■ I t ■ . I 

SCALE OF POUNDS 



Fig. 25. 

that is needed is to drop a vertical line from that section, meas- 
ure the portion of this vertical within the diagram and multiply 
the resulting length by 30 lbs., which was selected as a con- 
venient value for H in constructing the diagram. 
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Thus the intercept directly below the load dc scales 5.2 
ft. The flexure in the section directly under 6c is therefore 
5.2 X 30 = 156 ft.-lbs. Algebraically the value is found to 
be more precisely 51.77X3 = 155.31 ft. lbs. Values can be 
obtained in like manner for any other section. It should be 
observed that the percentage accuracy of the graphical result 
is no greater than the accuracy of the scaling of the intercept. 
With small intercepts therefore the percentage of inaccuracy in 
the graphical result may be considerable. 

Intercepts above ao indicate positive flexure and those 
below ao negative flexure. 

Observe that the diagram shows at a glance that the flex- 
ure in the beam increases steadily to a positive maximum under 
ic, then decreases to zero at a point a little nearer to cd than 
to 6c and continues to increase negatively, though more ;5lowly, 
after passing cd to a negative maximum under de, when it neg- 
atively decreases rapidly again to zero under ea. The nega- 
tive maximum is found to be numerically slightly larger than 
the positive maximum, and the dangerous section of the beam, 
so far as flexure is concerned, is under de. 

Observe that the sections where the flexure reaches its 
greatest values, v/hether positive or negative, are those in 
which the shear passes through zero — a phenomenon of in* 
evitable occurrence, as will be shown in the next section. 

Exercise 1 9. A horizontal beam of 30 ft. span, supported at each end^ 
carries loads of 900, 600, 1800, and 1200 lbs. at points 6, 10, 18, and 25 ft. 
respectively from the left end. Neglecting the vreight of the beam itself, 
determine by both methods the numerical value of the flexure at sec- 
tions 8, 12, 18, and 30 ft. from the left end. Record results side by side 
for comparison. 

Suggestions. Take the scale of lengths as great as i in. = 4 ft. Take 
some convenient round number for the magnitude of //, 

See Pi. IX for a solution, 

71. Connection Between Shear and Change in Flexure. — 
It will be useful to see if there is a simple relation between the 
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flexure at the end of an interval and the shear and flexure at 
the beginning of the interval. 

Accordingly, let A C, Fig. 26, 
^* be any segment of a beam, C^ and 



Ci 



r'^i'itr?-*."^-?-^! interval and values of the flexures 
Fig. 26. existing there respectively, P^ the 

resultant of all the forces at the left 
of Cj, P^ of those in the interval C^C^. Dimensions as shown. 
Then 

and ili/j = P^a^. 

Subtracting the latter from the former, 

M,-M, = P, (a, + a,) + P^,. 

But P^ is the measure of the shear at the beginning of the 
interval and (a^ -{- a^) is the length of the interval. Calling 
the former V, the latter a, giving P^a^ the more convenient 

characterization + M^, the last equation takes the form 

That is, the flexure at the end of an interval is measured 
by the algebraic sum of the flexure at the beginning of the 
interval, the product of the shear at that section by the 
length of the interval, and the sum of the moments of the 
forces in the interval about the center of gravity of the end 
of the interval,* 

Corollary. If ^2: be of infinitesimal length, dx^ M^ will van- 
ish, M^ — My^ may be written dM^ and the equation takes the 
form 

dM 



F = 



dx' 



* The data of Fig. 26 are of the simple sort usual in the practical examples of 
this problem. The reader should satisfy himself that the same conclusion would 
have been reached whatever the directions of Px and /j, or if one or both of them 
had been couples. 
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wnence it appears that the shear at any section is the ;ir-deriva- 
tive ot the flexure at that section, and it follows that where 

the shear passes through zero the flexure is at a mazimum 
or minimum. 

Exercise 20. Shears and Flexures from fixed loads. Draw diagrams 
of shears and flexures for each of the seven following cases.* 

(a) Cantilever with IV concentrated at the outer end ; (ff) cantilever 
with IV uniformly distributed ; (c) simple beam with IV concentrated at 
the middle ; (d) simple beam with IV uniformly distributed ; (e) simple 
beam under several concentrated loads; (/) beam overhanging one 
support, concentrated load at the end of the overhang, two others be- 
tween the supports ; {^) beam with equal loads at each end, supports at 
equal distances from the ends. 

Compute algebraically and compare the maximum shears and flex- 
ures in cases (a), {b), (c), (d). 

Suggestions. Note that in (a\ {c\ and {e) the diagram of shear can be 
transferred directly from the magnitude diagram, — strictly also in {d) 
and {d). 

In dealing with {b) and (d) construct approximate diagrams by divid- 
ing the load into short portions, and treat as a set of equivalent loads 
concentrated at the centers of gravity of these portions. Points in the 
true diagrams will lie at the intersections of the extended vertical 
boundaries of the portions with the approximate diagrams thus found 
and in the case of shear will be the straight line through these points; 
in the case of flexure will be the parabola inscribed in the approximate 
string polygon and tangent to it at these points. 

See PI. X for solution. 

* Here the term cantilever is used to designate a beam supported at one end 
only (by being built rigidly into a wall, for example) or in any way overhanging a 
support ; a simple beam is understood to mean one resting upon supports at each 
«nd without constraint. 



CHAPTER XII. 
STRESSES IN FRAMED STRUCTURES. 

72. Stresses in Framed Structures. — In a framed structure 
the resultant of all the loads on one side of a section can pass 
the section, so as to hold the other segment in equilibrium, 
only in the form of simple pushes and pulls which must act 
along the center lines of the bars cut. These bars should be 
imagined to be replaced by forces acting along their center 
lines, which are a set of forces into which the resultant can be 
resolved — a problem which is determinate if the number of 
forces does not exceed two or three. This resolution accom- 
plished (Case 2 or Case 4), the compression or tension in 
each bar is known and the requisite stresses determined. 

Here as with non-framed structures it is usually unneces- 
sary actually to evaluate the resultant of the external forces 
on one side of the section. The individual external forces are 
treated as the given forces in Case 2 or Case 4, and the un- 
knowns are the two or three components of the resultant which 
measure the required stresses. 

This method could be applied repeatedly until every bar 
in the structure had been cut and the stress in it determined, 
but when the stresses in a large number or in all of the bars ia 
the frame are to be found, a less laborious method suggests 
itself, when it is observed that each and every joint is in equi- 
librium under a set of concurrent forces. Selecting a joint if 
possible where only two bars concur with one or more external 
forces, the stress in these two bars can be found by Case 2a^ 

96 
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The joint at the other end of one of these bars will then com- 
monly be found to be subject to forces, only two of which are 
now unknown — one of those previously unknown being the 
one just established, for the force which a bar exerts upon a 
joint at one of its ends must be the equal and opposite of that 
exerted upon the joint at the other end. Proceeding thus, 
applying Case 2a to joint after joint till all have been treated, 
the stresses in all the bars are known. 

If there are no joints where so few as two bars concur, the 
problem is of course statically indeterminate unless the frame 
is so composed as to permit the determination of one of three 
concurring bars by using method of sections, § 73. (Cf. 
Exercise 25.) 

Sometimes a similar step has to be taken to deal with joints 
in the interior frames of where three forces concur, all incapable 
of determination by the ordinary method of Case 2a. (Cf. 
Exercise 24.) 

73. Method of Sections. — Method of Sections * is the name 
applied to the method of determining stresses in a framework 
by dividing the structure into two segments by means of a sec- 
tion plane, treating the bars cut as mere lines of action of 
forces external to the segment, and finding magnitudes accord- 
ingly. The problem presented is Case 4, when three bars are 
cut by the section, or Case 2, in the rarer case, when only two 
are cut. The calculations can be made for whichever segment 
the work will be easier, or, if a check be important, for both 
segments. 

* This method solved algebraically is sometimes more explicitly called Ritter's 
Method of Sections, after Professor August Ritter, of Aix-la-Chapelle, who used it 
freely in his Dach- u. Brucken-Constructionen. Solved graphically the process 
is also called Culmann's Method of Sections, after Professor Culmann, of Zurich. 

It must be observed that the methods used in this book for finding stresses are 
really all methods of sections, and the limitations imposed in this section must be 
seen to be arbitrary or conventional, with a view to the establishment of a con- 
Tenient technical term. 
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Wherever we can divide a structure without cutting more 
than three bars, if these three bars do not meet in a point, the 
stresses in the bars can be determined. 

If stress in a single bar only is desired, one simply selects 
a convenient section plane which will cut this bar and only two 
other bars. 

The algebraic method of solving Case 4 will usually be 
found more convenient than the graphic for these problems. 

Lever-arms, however, are sometimes so troublesome to 
calculate that scaling them from a carefully made large scale 
drawing is the best way to get them. Writing moments in 
form /* (^ cos or — .rsin a) is always an available resource. 

The reasoning underlying this method is still further ex- 
plained by Fig. 27. Fig. 2ya represents any frame in equilib* 
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Fig. 27. 

rium under the external forces P, Q, R, 5, and T, It is re- 
quired to find the stress in V, Intersecting the frame by a 
section cutting V and two other bars, U and W^ we have as a 
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result what can be regarded as two rigid bodies shown shaded 
in Figs. 27^ and 2'jc in equilibrium under the forces (external 
to them) r,P,(2, U, F, ^and i?,5, U, V, W, in either of which 
Fcan be established by an equation of moments with J/^, 
the intersection of U and W, as a center. If stresses in U 
and ^Fbe also required, they can be found by taking centers at 
M^ and M ^ respectively. 

Observe that this solution is entirely independent of the 
number or inclination of bars in the frame other than those cut, 
provided P, Q, R, 5, and T remain unchanged in all their 
elements. 

Plate V may be looked upon as giving a complete graphic 
as well as algebraic solution by this method, if the shaded 
body be considered the segment of a frame, and the three 
forces, Py Qf and i?, the forces acting through the cut bars. 

74. Method for Determining All the Stresses in a Frame 
Under a Given Load. — To determine all the stresses in a non- 
redundant frame, since it isxmade up of a series of sets of con- 
current forces, we need only to 

(i) See that the external forces are in equilibrium, and 

(2) Work out case 2a for each joint. 

In the former of these two processes the algebraic method 
is generally to be preferred. It usually is less laborious, and 
the superior precision of its results is welcome, as the accuracy 
of all the succeeding work depends upon them. 

In the latter process, however, the graphic method is 
greatly to be preferred, as saving much troublesome labor with 
a minimum risk of serious error with a degree of accuracy 
amply sufficient for the needs of engineering design. This 
work consists simply of beginning with a joint where two bars 
concur with one or more external forces, and working out a 
closed magnitude polygon for the set of concurrent forces so 
composed. Two of the sides of this polygon will determine 
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the stresses m the two bars — not only in magnitude, but also 
in nature, the former being shown by the lengths of the sides, 
the latter by the arrows upon them, for these arrows must 
follow one another around the polygon, and when transferred 
to the bars to which they belong they indicate compression or 
tension according as they point toward or away from the joint. 
Proceeding to the next joint, which, with the force acting 
through the first two bars known, will in turn have only two 
unknowns concurring upon it, a second polygon is constructed 
and so on through the whole series of joints. Thus would 
result a series of magnitude polygons, one for each joint. 

75. Example. — An example is worked out in Fig. 28. 
The frame there shown. Fig. 28^, is known to be in equilib- 
rium under the five external forces, 20, 200, 30, 140, and 
no lbs., through the first three having been given at the 
outf et an I the last two having been determined (Case 2b) 
from the dimensions of the frame and the positions of the sup- 
ports. 

It is most convenient to letter the external forces in the 
order of their occurrence around the outside of the figure and 
have the letter common to two adjacent forces apply also to 
the bar or bars in the periphery of the frame between their 
points of application. Letters added inside each triangle of 
the frame complete the lettering of the forces. 

The work can begin at either of the two end joints. Tak- 
ing the left end joint, we lay off EAB as the beginning of its 
magnitude polygon ; then a line from B parallel to bf and one 
from E parallel to ef would locate -Fas in Fig. 28^. The 
polygon is in the order of the arrows, EABFEy and the stresses 
in 4^ and </" are consequently 127 lbs. compression and in 
lbs. tension respectively. Since ^and bf ^x^ now known, the 
polygon for the lower of the two joints next on the right can 
be completed by drawing from F and E parallels respectively 
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tofg and eg, locating (7, and closing the polygon in which the 
arrows are in the order EFGEy showing the stresses vs\fg and 
ge to be 173 lbs. compression and 130 lbs. tension respectively. 
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Only two forces are now unknown at the joint where be is 
applied, and this polygon can be closed. The bar fg acted 
downward upon the preceding joint ; it must therefore act up- 
ward at this joint. GF and FB of the polygon are already 
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drawn, adding the known BC, drawing C/Tand G^//" parallel 
respectively to ch and gh, H is located and the polygon is 
closed and consists, following the arrows, of BCHGFB^ show- 
ing stresses in ch SLtid gA to be 132 lbs. compression and no 
lbs. tension respectively. 

For the joint at the lower end oi gA only eA is unknown, 
and to close this polygon we have only to connect E and H. 
The arrows are in the order EGHE^ and eA is 133 lbs. tension. 

For the joint at the extreme right two of the forces, cA 
and eA^ have been determined and cd and de were known at 
the outset. It is important as a check to see if they are in 
equilibrium. Laying off CD downward and DE upward, equal 
to 30 and I ID lbs. respectively, E is found to fall where it was 
before located, and the work checks with CDEHC^ read with 
the arrows as the last magnitude polygon. 

Examining Fig. 28^, it appears that it consists not only of 
a closed magnitude polygon for each joint, but also a complete 
magnitude polygon, ABCDEA, for the external forces. In 
fact, the ordinary method of determining all the stresses in a 
given frame under given fixed loads is, after equilibrium is 
established, to see that the external forces are lettered * in the 
order of their occurrence in passing around the outside of the 
frame, and complete their magnitude polygon before construct- 
ing any of the minor ones for the internal forces at the joints. 
Then adding two new lines to the diagram will establish the 
first joint, two lines more the next, and so on, each two lines 
completing a new magnitude polygon until the last joint is 
reached, where one bar only remains to be determined, and let- 
ters are already in the diagram which only need to be con- 



* It should be pointed out that a letter which is common to two adjacent forces 
may be written once midway between them just as well as closely adjoining each, 
and is so written in practice. 
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nected to show this last stress. If the line so drawn is parallel 
to its corresponding bar the work checks, and the results can 
be scaled off as required. If the work does not so check, it 
shows that there is an error somewhere which must be found, 
and corrected before the result for any bar can be looked upon 
as trustworthy. 

76. Stress Diagrams. — A diagram such as just described, 
including 

(i). A closed magnitude polygon for the external forces, 

and 

(2). A closed magnitude polygon for each joint of the 
frame, is called a stress diagram — sometimes also a Maxwell, 
or Cremona diagram. 

In constructing stress diagrams as large a scale as is con- 
venient should be used throughout, especially in the diagram 
of the frame, where otherwise short lines may give rise to in- 
accuracies when long lines have to be drawn parallel to them. 

The equivalent of very large scale for frame diagram, with- 
out some of the worst disadvantages of such large scale, can 
be produced by drawing in a group long parallels to the bars 
through calculated points. These can then be used with a frame 
diagram of moderate scale or even a mere sketch for a guide. 

If a number of stress diagrams are to be drawn from one 
frame diagram, natures of stresses from different loadings may 
well be recorded on small freehand diagrams accompanying 
each stress diagram. 

To avoid confusion, the lines of action of the external forces 
should be shown entirely outside the periphery frame as in Fig. 
28a. 

Each line of the stress diagram, except those representing 
the external forces, represents the two equal and opposite 
forces which are in action at each end of the bar bearing the 
same letters as the line. 
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An error outside of common blunders in the use of draught- 
ing instruments, which is frequently the cause of failure of stress 
diagrams to close, is an incorrect determination of the reactions 
which gives rise to a set of external forces amounting to a 
couple instead of being in equilibrium, and such an error is not 
exposed by the magnitude polygon for these forces. The 
reactions should therefore be figured out independently, i.e., 
the correctness of one should not be allowed to depend upon 
the correctness of the other. 

77. General Instructions Regarding Exercises Inyolying 
Stress Diagrams. — Determine reactions, whenever possible, 
by inspection, otherwise algebraically. 

After completion of the stress diagram see that the work 
checks before proceeding further. 

Show upon the diagram of truss, by means of algebraic 
signs, the nature of stress in each bar, using sign -f- for com- 
pression and — for tension. 

As a guide in selecting a place for the magnitude polygon of 
the external forces with a view to preventing work from run- 
ning off the paper, it will be well to compute in advance one 
or two of the largest stresses, where the bars in which they 
will exist are easily discernible, as in Exercises 21—23. 

78. Special Instructions Regarding Exercises 21-23. — 
State for comparison the graphic, algebraic, and semi-algebraic 
results for the bar specified, having used for the algebraic work 
the method of sections, and understanding by semi-algebraic 
work a similar algebraic solution in which lever arms are scaled 
from the drawing instead of being computed. 

Note that checking semi-algebraically does not check the 
accuracy of the frame diagram. 

Exercise 21. Truss shown in Fig. 29. Span 64 ft. Rise one fourth 
of the span. Eight equal panels; 1000 lbs. vertical load at each of the 
joints o and 8, and 2000 Ihs. at each of the joints 1-7, inclusive. Scale 
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as large as i in. = 8 ft. Check the results for the bar 2-3 algebraically 
and semi-algebraically. 

4 




9 10 11 12 13 14 15 

Fig. 29. 



•8 



Exercise 22. Same truss and loads as in Exercise 21, but with addi- 
tional loads of 4000 lbs. at joints 11 and 13, and 2000 lbs at joints 9 and 
15. Check the result for bar lo-ii algebraically and semi-algebraically. 

Exercise 23. Same conditions as in Exercise 22, except that all loads 
at right of the center are doubled and 2000 lbs. added at joint 14. 

Check the result for bar 3-12 algebraically and semi-algebraically. 



CHAPTER XIII. 
ADDITIONAL TOPICS AND EXAMPLES. 

79. Complications in Connection with the Analysis of 
Trames. — The methods of the preceding chapter will be found 
easy of application to any simple frame under vertical loads. 
But many cases are unavoidable in practice where the con- 
ditions are not so simple, and a number of the most important 
and illustrative of them will be taken up in this chapter. The 
sources of difficulties are various. Those treated in the follow- 
ing pages fall into four classes, more than one of which may, 
of course, be found exemplified simultaneously in connection 
with one structure. These classes of the sources of difficulty 
are 

1. Indeterminateness, apparent or real, as to the reactions. 

2. Indeterminateness in the analysis of a frame, apparent 
but not real, — due to special systems of grouping bars. 

3 . Apparent but not real redundancy in framing. 

4. Structure being partly framed, partly non-framed. 

The really indeterminate cases here taken up are such only 
as can be brought within the scope of statical methods by mak- 
ing assumptions of such reasonableness and of such general 
acceptability in practice that the fact that the cases are statically 
indeterminate is usually ignored. 

Structures generally recognized as redundant do not fall 

within the scope of this book. 
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80. Reactions Due to Non-Vertical Forces. — Indeter- 
tninateness as to the reactions occurs in the case of structures 
subject to sidewise or any non- vertical forces, such as roof' 
trusses, towers, etc., exposed to the wind. These reactions 
are, in general, two forces of which only the points of applica- 
tion are known, hence involving four elements unknown (two 
slopes and two magnitudes), and the problem of finding them 
is indeterminate. Results satisfactory in practice can, how- 
ever, be obtained in any one of these three ways : 

(i) By supporting one end upon rollers, assuming them fric- 
tionless, thus making one of the slopes known. 

Rollers are frequently present anyway in large roofs to pro- 
vide for expansion and contraction, and such roofs at once 
come under this method. 

(2) By assuming that each wall resists half the horizontal 
component of forces, thus indirectly assuming two slopes. 

(3) By assuming that both reactions will be parallel to the 
resultant of all non-vertical loads. 

In (i) we will call to our aid a mechanical contrivance and 
make an assumption, and in (2) and (3) we make assumptions 
only. 

Each of these ways, experience has justified as of sufficient 
correctness. 

This kind of indeterminateness arises whenever the resultant 
of the loads has a component parallel to the supporting surface 
or, if the supports are in dififerent planes, to one or both of the 
supporting surfaces. For example, in the case of a door or 
gate hinged to a vertical jamb, the door may be in equilibrium 
however its weight be divided between the hinges. In such a 
case, of course, if analysis were necessary, the assumption 
would be that either hinge may have to furnish the whole ver- 
tical support, or else assume it all on one or the other of the 
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hinges, and by setting this hinge a little high, make the 
assumption a certainty. 

8i. The Fink Truss. — The form of roof-truss shown in 
Fig. 30, and known in this country as the Fink truss, has some 




Fig. 30. 

practical merits which cause it to be widely used. Though 
statically determinate it cannot be analyzed by the stress- 
diagram method without some special manipulation. On reach- 
ing either of the joints M or Nj the three bars Py Q, and Ry 
or R, Sy and 7", respectively are unknown, and the stress- 
diagram appears to be blocked. If any one of the five forces 
Py Qy Ry Sy OT T cdiTi bc evaluated the difficulty will be over- 
come. This suggests the method of sections, and it appears 
that a section can be taken through T either side of the ridge, 
which will cut only two other bars. T is determined accord- 
ingly. 

In general in dealing with Fink trusses, the value of this 
stress might well be looked upon as something always to be 
computed in advance, as the reactions are, and to be laid off 
in place as soon as the magnitude diagram for the external 
forces is completed. Cf. Exercise 24. 

Exercise 24. A Fink truss, which in this case will be made up of hor- 
izontal bars and bars inclined 30 degrees and 60 degrees to the horizon, 
as shown. Eight equal divisions in the upper chord. Load at each 
upper chord joint 2000 lbs. Construct the stress diagram. 

82. Triangular Frame with Trussed Top Chord. — A 

frame somewhat similar to the Fink truss is that shown in 
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Fig. 31. It IS a construction developed from the ordinary 
triangular frame by a simple system of 
trussing applied to the rafters. The re- 
sult is, however, that there is no joint at 
which a stress-diagram can be started 
immediately. The way out of the diffi- 
culty is, as in the case of the Fink truss, 
the previous determination of the stress pj^ 

in the horizontal tie by the method of sections. 

The Fink truss may, in fact, be regarded as a special case 
of this construction, in which the trussing of the top chord is 
more elaborate, and in which the horizontal tie and the lower 
chord of that trussing are coincident to some extent. Cf. 
Exercise 25. 

Exercise 25. A triangular frame of 24 ft. span and 20 ft. rise is made 
with its top chord trussed as shown (Fig. 32), by means of struts, nor- 
mal to them, 3 ft. 6 in. in length. The frame is 
supported by a hinge at the left end of the hori- 
zontal side and a set of rollers at the right end 
of the same bar. Loads Pu -Pt, P»f P*, and P» 
are applied at the joints and with the directions 
shown. Taking these forces at 2000, 10,000, 
4000, 3000, and 4000 lbs. respectively construct 
the stress diagram. 

Suggestion. Here we can treat all external 
- forces as acting outside the frame, by dotting 
Fig. 32. such lines of action as may be needed and treat- 

ing such parts of these lines as lie inside the frame periphery as if they 
were actual bars of the frame. 

83. Counters. — Frames if made of a simple triangulation 
may be called upon to resist, in some of their members, both 
tension arid compression according to variations in loading con- 
stantly occurring. Such reversal of stresses is to be avoided 
in the interests of economy and simplicity of design. If a 
diagonal in a given quadrilateral is replaced by its mate, if the 
loads remain unchanged, the stresses produced in the two 
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diagonals will be opposite in character. Hence, if in a quad- 
rilateral where a diagonal might be called upon to resist com- 
pression, a mate to it, if present, would resist the stress in 
tension, and no compression could exist in either diagonal. A 
diagonal added for such a purpose is called a counter. 

Counters in bridge trusses are idle when the truss carries a 
• full symmetrical load. They are in action only under certain 
partial or unsymmetrical loads. Reversal of stress may be 
unpreventable in some members of certain kinds of trusses. 

The greater the permanent load compared with the live, 
the less the likelihood of reversals, and the less there is for 
counters to do. 

The presence of counters gives the frame an appearance of 
redundancy, but if the counters are of such a character or 
secured at the joints in such a way that they are incapable of 
resisting both tension and compression, the bars which must 
inevitably be out of action under the given loads can simply be 
ignored, and the analysis can proceed as usual. 

Cf. Exercise 26 and Fig. 33. 

1 6000 Exercise 26. A four-sided framed tower 50 ft. 

high and 14 ft. wide at the base, and whose other 
dimensions are as shown (Fig. 33), is made with a 
double set of slender diagonals throughout. In a 
gale each half of it is supposed to be subject to the 
forces shown. Assuming half the horizontal thrust 
taken up at each column base, construct the stress 
diagram. 

Suggestion. In drawing the diagram of the frame 
dot the set of diagonals which are out of action. 
Fig. 33. Cf. § 83. 

84. Bent of a Mill Building. — A common and important 
type of structure subject to loads elsewhere than at the joints 
and hence exemplifying the partly framed, partly non-framed 
type of structure is the combination of columns with a truss 
constituting the bents of a mill-building and shown in Fig. 
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34. They are usually of steel throughout. The forces which 
give rise to their peculiarities are sidewise forces due to wind, 
tension of belts, shocks from traveling cranes, etc. The 
general relation between such structures and true frames is 
explained in §64 (^.^.)» ^^^ ^^ ^^^^ ^^ worth while to amplify- 
that explanation by taking as an example the bent of Fig. 34 




Fig. 34. 

and discussing in detail the peculiar steps in its statical analysis. 

The steps peculiar to the statical analysis of a mill -building 
bent are : 

{a) The assumption of the points of application of the foun- 
dation reactions, R^ and R^. 

(J?) The analysis (by inspection) of the bent into its con- 
stituent true frame and flexural members. 

{c) The determination of the forces brought to bear upon 
the joints of the frame by the flexural members. 

The step {a) is one made necessary by the practical con- 
sideration that the columns are members of considerable 
breadth in the plane of the bent even at their bases. More- 
over, they have to be anchored to the foundations so as to resist 
horizontal displacement as well as an actual lift. The result 
is an anchorage which offers considerable resistance to the rota- 
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tion of the column about its base. This resistance is of course a 
couple in the plane of the bent which combined with the requi- 
site horizontal and vertical resistances amounts to the single 
forces 7?j and R^ intersecting the axes of the columns at points 
at some distance y above their bases. The evaluation of ^, 
which is dependent upon the evaluation of the couples, is a 
statically indeterminate problem. Consideration of the elas- 
ticity of the material * would lead to the assumption that y is 
half the distance between the column bases and the attach- 
ment of the knee-braces — the name given to the lowest of the 
bars secured directly to the column. This would minimize the 
stress in the columns, but would necessitate careful attention 
to the design and execution of the anchorages and foundations. 
In small structures in which such attention to the anchorage of 
the columns is not considered worth while, the existence of the 
couple may be ignored outright, and the structure treated as if 
y were zero and the bases of the columns hinged to the foun- 
dations. Then the couple actually materializing in the life of 
the structure is simply so much addition to the factor of safety. 
Cases might arise in which the designer would feel justified in 
assuming other values of ^ and proportioning the anchorages 
and other parts of the structure accordingly. 

The points of application once decided upon, the distribution 
of the horizontal components between the two reactions (§80) 
would be made, the vertical components calculated (Case 2b) 
accordingly, and R^ and R^ established. 

Step {b) is not difficult, for structures of the kind in question 
are simple triangulations with one or more bars subject to loads 
between joints, or extended beyond joints so as to receive loads 
on the extended part, usually at its end. The simple triangu- 
lation constitutes the true frame, and the bars just described 



*Cf. Johnson, Bryan, and Turneaure's Modem Framed Structures , Art, 151, 
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are the flexural members, — the bars spoken of in §64 as doing 
double duty. 

Step {c) consists of finding the reactions from the frame 
upon the flexural members necessary to hold them in place in 
opposition to the transverse loads to which they are subject. 
Reversing these reactions in sense, they become the forces 
transmitted to the joints of the frame by the flexural members. 

The analysis of the frame then goes on as usual, establish- 
ing the tension and compression in all the members, including 
such as are the parts of the flexural members common to the 
frame. The flexural members have also shears and flexures, 
arising from their beam-action, to be determined, and when 
this is done the statical analysis of the structure is complete. 

The whole process is one proceeding on a number of 
uncertaintie3, but there is no reason why it may not surely be 
kept on the side of safety and that, too, without serious lack of 
economy. 

The bent of Fig. 34 is accordingly worked out as follows. 

Assuming the columns hinged at their bases (step a), and 
the horizontal components H^ and H^ of the foundation re- 
actions to be equal (§80), the vertical components, F^ and 
Fg, of these reactions follow at once by Case 2b. 

In Fig. 35 are shown (step b) the true frame, including the 
whole of the triangulation of bars in the bent, and, separate 
from it, the four flexural members, — the two top-chord bars 
subject to transverse loads, and the two columns from eaves to 
base. 

The two top-chord bars will naturally be regarded (step c) 
as two centrally loaded beams requiring reactions of J fF from 
the frame joints at their ends and hence transmitting that 
amount to those joints. The two columns differ from the top- 
chord bars in the immaterial particular that their supporting 
joints are both on the same side of all the loads. V^ and V^ 
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being regarded as transmitted directly up the column to the 
nearest joint of the true frame, the loads for the windward 
column are P and H^, and for the leeward column H^, The 




Fig. 35. 

reactions S^, 5*2, 5g, and 5^ are determined by Case 2b. Re- 
versing them in sense, they furnish the only remaining external 
forces in action on the true frame. The frame can now be 
analyzed as desired by familiar methods. Cf. Exercise 27. 
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Fig. 36. 

Exercise 27. A bent of a mill building is framed and subject to loads 
as shown in Fig. 36. The truss proper consists of four panels of equal 
length. The columns are to be assumed hinged at the base and the 
horizontal thrust divided equally between them. (Cf. §§ 80, 84.) 
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Construct the stress diagram and, preferably working with original 
frame as above shown, check algebraically the stresses in Q and R re» 
spectively, and record them side by side with the corresponding graphi- 
cal results for comparison. 

Suggestions. Determine the H's and V*s algebraically. The deter- 
mination of R will require the previous determination of one other bar. 
Show the bent completely analyzed into its constituent parts, giving the 
numerical magnitudes of all the external forces. (Cf. Fig. 35.) 

The 2ooo-lb. force may be assumed to be normal to the top chord and 
applied midway between the two nearest joints. The knee-braces of this 
bent are seen to be horizontal. 

See PI. XI for a solution. 

85. Cantilever Bridge. — A cantilever bridge consists of 
one or more trusses or girders supported at one or both ends 
by ends of other trusses or girders which overhang their sup- 
ports. The overhanging part is the cantilever whose promi- 
nence in this style of bridge gives it its name. 

A cantilever bridge always requires more than two points 
of support, and the loads and reactions constituting usually a 
set of parallel forces, the reactions would seem at first glance 
to be indeterminate. Noticing, however, that the structure is 
composed of at least two or three structures, the reactions 
prove to be determinate. Cf. Exercise 28. 

Exercise 28. A cantilever bridge proportioned and loaded as shown 
is supported by vertical reactions at A, B, C, and D, Determine these 
reactions graphically only. 

Suggestions. Observe that the hinges at E and F divide the bridge 
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Fig. 37. 

into three separate bodies, one resting upon two others, that none of 
these three bodies is in a statically indeterminate condition, and that 
therefore the whole structure is determinate. 

Letter as usual around the figure and construct the string polygon 
for the given forces. One of the three strings then missing can be 
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located from the knowledge that the flexure at E and F must be zero 
<§ 70), and the other two follow at once. 

86. Three-hinged-'Arch, — The structure typified in Fig. 38, 
•consisting of two ribs (framed or non-framed, straight or 
curved, but usually curved) which are hinged together at their 
upper ends C and rest on hinges at their lower ends A and 

C 
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Fig. 38. 

-ff, IS called a three-hinged arch. It is used for roofs where the 
greatest spans are required, and for bridges as well. 

It is a structure which evidently cannot stand up even under 
vertical loads without horizontal resistances at the supports. 
In this respect it is like an arch, and it easily lends itself to the 
pleasing curved form of an arch if desired. Moreover, it is the 
only statically determinate method of arch construction, and an 
important and fruitful subject of study accordingly. 

There appears to be an indetermination in connection with 
the reactions at-^ and B, Here two forces are required of 
which only the points of application are given. Two magni- 
tudes and two slopes must be determined, or else, if each 
reaction be replaced by two convenient components, four 
magnitudes. 

Now, the hinge at C (assumed like the other hinges to be 
frictionless) cannot resist any force which does not pass through 
it, and this fact in connection with the three general conditions 
of equilibrium furnishes the basis for the necessary four equa- 
tions and the problem is seen to be determinate. 

These four conditions would be satisfied if two forces were 
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determined which, if applied at A and B respectively, would 
combine with all the forces between those points and C and 
yield two equal, opposite, and coincident resultants passing 
through C, These two forces would be the required reactions. 
Their intersection in the magnitude polygon would be the pole 
which (§ 54) would direct a string polygon for the given loads 
through the three given points Ay B^ and C in such a way 
that the strings through A and B would be the extreme strings 
of the whole given set, and the one through C the string com- 
mon to the resultants of the two groups on each side of C, 

Conversely, such a pole once determined, the two lines 
from it to the ends of the magnitude polygon for the given 
forces would give the magnitudes and directions required. 

The methods of § 54 will therefore furnish the graphic and 
algebraic methods for the determination of the reactions. 

Moreover, the string polygon through these three points for 
forces lettered in the order of their occurrence is the locus of 
the intersection (with any section) of the resultant of all the ex- 
ternal forces on either side of the section. What is more, 
each string is the resultant of all the external forces on either 
side of it and its magnitude and sense can be found from the 
corresponding ray. 

This string polygon once drawn, the stress in any bar under 
the most complicated system of loading can be determined by 
the method of sections (§ 73) with an equation of moments 
involving only four quantities, the known magnitude of the re- 
sultant, the required magnitude and their respective lever arms. 
These last can, of course, be scaled or calculated, but as a 
careful drawing is necessary in any event for the construction 
of the string polygon, scaling would commonly be far more 
convenient. 

• An alternative solution of the three-hinged arch is some- 
times given which is based upon the fact that it may be 
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regarded as two separate structures, and the groups of loads 
coming on each assumed to act separately. Thus (Fig. 38) if 
the portion A Che unloaded while CB is loaded, the direction 
of the reaction at A must be through AC, and this reaction on 
CB and the one at B are determinate, falling under Case 3. 
Repeating the process for A C, two more partial reactions are 
determined. The resultants of the two reactions at each 
hinge are the reactions required for the structure. 

It should be observed that the hinges A and B may be put 
at different levels without affecting the determinateness of the 
problem or its method of treatment. 

The horizontal components at A and B may be furnished 
by abutments as with any arch, or, in cases where circum- 
stances permit, by tie-rods connecting A and B, together 
with such anchorage as would be required with the given 
load to keep any truss from moving as a whole. With the 
tie-rod the structure becomes what might be regarded as a 
triangular truss, two of whose members are more or less curved 
and more or less frameworks themselves. 

87. Line of Pressure. — The line of pressure in any struc* 
ture is the locus of the intersections with successive section 
planes throughout the structure of the resultants of all the 
external forces on either side of those sections. 

In case the loads are non-continuous, the line of pressure 
will be a broken line; with continuous loads, it is a curve 
which must be plotted point by point at sections taken at short 
intervals. 

An example of the former case arises in connection with 
the three-hinged arch under a series of concentrated loads. 
The string polygon including the end reactions as extreme 
strings and passing through the three hinges is the line of pres- 
sure of that arch for the given loads, if the loads be lettered 
in the order of their occurrence. 
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An example of the latter case is a masonry dam exposed- 
as it is to uninterrupted hydrostatic pressure. Points in the 
line of pressure are located in this case by taking successive 
horizontal sections and finding the resultants of the water 
pressure and weight of the masonry above that section. Where 
these resultants pierce the sections which define and limit their 
components are points in the line of pressure of the section oi 
the dam. 

Exercise 29. A three-hinged arch of 240 ft. span is subject to loads 
as shown in Fig. 39. The top chord is divided into eight equal bays, and 
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the bays of the bottom chord are each equal to AE in length, DE being 
horizontal. The joints of the bottom chords are on the arc of a circle 
of 145 ft. radius through A and B. Other dimensions as shown. 
Required : 

1. Reactions graphically by the method of § 54. 

2. Reactions algebraically (§ 54), showing all lever arms dimen- 

sioned except such as are given directly by the main dimen- 
sions. 

3. Line of pressure. 

4. Stress diagram. 

Note that the stress diagrams of frames -4 C and ^C will 
each have its own check. 

5. Pressure * on the hinge at C grrpliically. 

6. Stress in the bdrs marked Q, R, and S with the aid of the line 

of pressure and scaled arms. 

7. Stress in Q, R, and S from the stress diagram. 

8. Tabulated record of results of i, 2, 5, 6, and 7. 



* This is to be understood to mean the largest of the three forces under which 
the top pin is in equilibrium. 
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Suggestions . Use a large scale for the frame diagram, say i in. = 30 
lOr 40 ft., and a moderate scale for the magnitude diagram. 
Is the line of pressure a closed string polygon ? 

Exercise 30. Suppose the coordinates of the three hinges, A, B, 
-and C of a three-hinged arch to be expressed in feet as (o, o), (60, 30), 
and (30, 50) respectively, and the ribs to be of any curvature and either 
framed or non-framed. Suppose a vertical load of 20 tons acting 20 ft. 
horizontally from A, and a horizontal force of 10 tons acting towards 
the right and applied between B and C and 10 ft. vertically above B, 
Determine the reactions algebraically. 

Suggestion. The horizontal and vertical components of the two 
reactions would usually be a more convenient form for the expression 
of the required answer than the resultant reactions themselves. 

Use the method of § 54, and check the results carefully. 

88. Hammer-beam Truss. — Like all other roof trusses, 
the hammer-beam truss, Fig. 40, has vertical loads to resist 
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and also non-vertical ones. Unlike most trusses, some of its 
main members are curved. This curvature alone would not 
call for any special treatment here, for curved members may, 
for purposes of analysis, be considered replaced by straight 
ones connecting the same joints and the curvature left out of 
account till the design of the piece itself is taken up. The 
truss would then be a complete frame and would be treated 
like any other. 

The combined effect of two circumstances, however, ren- 
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ders it necessary to approach the hammer-beam truss in a dif- 
ferent way. These two circumstances are, (i) curved bars in 
frames at best work under very unfavorable conditions, and (2)' 
in these trusses they are made of wood, — a material specially 
weak and difficult to connect. Moreover, even at best the 
shape of this truss is in itself unfavorable to rigidity. The 
result is that even under perfectly vertical loads the hammer- 
beam truss must be expected to produce thrust upon each sup- 
porting wall, as an arch would do, or as rafters without any 
collar-beam (or with the collar-beam too close to the ridge) 
would do. That means that the walls must be prepared to 
resist the spreading at the base of the truss which the curved 
ties are unable to prevent. 

To estimate this thrust from vertical loads, a good way is 
to place no reliance whatever upon the upper curved members 
— to consider them absent. This reduces the truss to an in- 
complete frame — the parts below the joints 3 and 7 are mere 
framed inclined struts, reaching from their foothold on the 
wall to joints 3 and 7 of the truss 3, 4, 5, 6, 7, 12 which they 
support. The loads on this truss are known and hence the 
vertical load at the top of each strut. The vertical reaction at 
the base of each strut is, of course, equal and opposite, but as 
it is not coincident with it, the two form a couple, and the 
struts would fall into the building but for horizontal resistances 
at their upper ends along the bar 3, 12, 7. This horizontal 
resistance calls for an equal and opposite one at the base of each 
strut. These horizontal forces constitute the second couple 
which balances the first. The common magnitude of the hori- 
zontal forces may be taken as the thrust of the roof, and with 
the vertical reactions, which are easily found, there is no 
further obstacle to the construction of the stress diagram. 

Finding thrusts as just described and making no claim on 
the upper curved members, and not an unduly severe one on 
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lower ones, leaves the former ready to act at their full value 
when the wind blows, and the latter in as favorable a condition 
as possible. 

In determining wind stresses, the only thing to be done 
(except as described below) is to treat the truss as a complete 
frame, as explained above. The results thus obtained will bte 
combined with those from the vertical loads. 

The only difficulty, then, is to provide for the stresses. The 
stiffness of the rafters at 7 may have to be relied upon to assist 
the upper curved members, and the buttresses may have to rise 
to the level of i and 9 (as shown in the figure) in order to 
relieve the lower curved members. 

This last would raise real points of support of the truss to i 
and 9, and 9, 10 and o, i would become mere posts prevented 
from overturning by the buttresses, and 0,11 and 10, 13 mere 
ornaments. 

Of course in a large roof it may be necessary to rely upon 
the stiffness of the rafters, and even then higher stresses than 
would ordinarily be regarded as satisfactory may have to be 
tolerated. It may be advisable even to neglect all curved 
members and rely entirely on high buttresses and the stiffness 
of the rafters. 

The hammer-Leam truss is a very imperfect structure as 
regards the economical application of material. The less the 
curvature of members the better from this point of view. 

Exercise 31. With a vertical load of 1000 lbs. per bay of the top 
chord of a hammer-beam truss such as is shown in Fig. 40, determine the 
thrust on the walls on the assumption that the upper pair of curved 
bars is wholly inoperative, and construct the stress diagram. . All bars 
of the truss are to be taken as horizontal, vertical, or inclined at 45** as 
shown, and o, i and 9, 10 each of the same length as i, 11 or 9, 13. 

Suggestion. Draw a separate diagram of one of the framed struts 
o, I, 2, 3, II, showing all the loads upon it, and determine the reactions 
upon it as an independent structure. The way is then clear for the 
stress diagram as usual. 

See PI. XII for a solution. 
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89. Stresses Due to Moving Loads. — Some structures, 

as bridges and viaducts, are subject to loads varying greatly 

in magnitude and taking widely varying positions on the 

structure. 

The special steps involved in the determination of the 

* 

stresses in such a structure are 

(i) The assumption of the maximum reasonable load or 
system of loads. 

(2) The determination of the locations of this load or sys- 
tem of loads which will produce the extremes of stress in each 
and every part of the structure. 

(3) The determination successively of the extremes of stress 
in each and every part of the structure due to loads assumed 
to be stationed at all the various points decided by the preced- 
ing step. 

The first of these steps is an exercise of judgment in the 
light of experience of what the structure may reasonably be 
expected to carry, leaning of course towards too high rather 
than too low an estimate. 

The second of the steps opens a large field in the study of 
special structures and systems of loading. In general it may 
be said to be a process based upon the observation of the stress 
in a given part of a structure due to a single force followed by 
a study of how and to what extent other forces may be grouped 
with it to reinforce its effect. The methods are a simple 
development of the general principles of statics as treated in 
Part I with the addition of various devices, largely graphical, 
for saving time and labor. 

The third step is a straightforward solution of the simple 
statical problem of finding the stress in a certain part of any 
structure subject to a given set of loads. 

The reader interested further in this subject will find it 
treated at length in Burr's Stresses in Bridge and Roof 
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Trusses, Johnson, Bryan, and Turneaure's Modern Framed 
Structures y Merriman and Jacoby*s Roofs and Bridges y 
Parts I and II, Hoskins' Graphic Statics, DuBois* Stresses 
in Framed Structures, etc. 

The suddenness of the application of the moving load or 
impact is not considered at all in this analysis. Allowance is 
made for that by certain empirical methods in connection with 
the proportioning of the parts to resist the extreme stresses de- 
termined as just described. 

90. Stability of a Masonry Dam. — The lines of pressure 
for the various conditions to which a masonry dam is exposed 
afford a very important aid in the study of the stability and de- 
sign of such a structure. 

To construct such a line of pressure the cross-section of the 
dam is drawn to a large scale and divided into a suitable num- 
ber of strips by a series of horizontal planes. The line of 
pressure will be located when there have been found the inter- 
sections with each of these planes of the resultant of all the 
forces acting upon the dam above that plane. 

The gravity and hydrostatic forces on each strip are then 
determined (assuming the thickness of the strip normal to the 
paper to be one foot) and shown in their proper places. 

This being done the successive resultants can be located by 
Case I. The forces can sometimes be most conveniently let- 
tered by beginning with the top strip and lettering the gravity 
forces, in the order of occurrence of their strips, ab, be, etc.^ 
and lettering downward, giving the hydrostatic pressures in a 
similar order the letters ab' , b'c' , etc. 

A general string polygon will locate the successive result- 
ants bb' , cc', etc., and their intersections with the lower limits 
of the successive portions of the profile to which they belong 
will be points of the line of pressure. 

An alternative lettering suitable to some cases would be to 
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letter the gravity and hydrostatic forces on the strips respec- 
tively ab and bc^ cd Sind de, etc., beginning at the top. Tak- 
ing the pole coincident with Ay the strings oc^ oe, etc., would 
be the required resultants. 

Sometimes it may be more satisfactory to determine the 
locations of the resultants for the successive groups of gravity 
forces algebraically, and use the string polygon only for the 
hydrostatic forces^. The intersections of the pairs of partial 
resultants will be points of the series of required resultants 
which can then be shown by transference from the magni- 
tude diagram. 

The location of the line of pressure in masonry arches 
differs from the preceding process only in the greater uncer- 
tainty about the elements of the external forces on the struc- 
ture and the lack of a determinate point for beginning the line 
of pressure within the structure. 

Exercise 32. A masonry dam wjth concave upstream face has a cross- 
section determined by the following coordinates: upstream face, (0,0). 
(o, —30,) (—6, —70), ( — 15, —110); downstream face, (20,0;, (21, —30), 
(43» "~ 7o)> (73» —no). Between these points the profile consists of 
straight lines. 

Required the lines of pressure {a) when the reservoir is empty, and 

if) when the reservoir is full. 

Weight of masonry to be taken at 150 lbs. per cu. ft. and of water at 

62.5 lbs. 

Statical work to be done graphically only. 
See PI. XIII for a solution. 

91. Action and Reaction not Necessarily Normal to the 
Surface of the Contact of the Bodies.— The function of 

statics is to deal with the equilibrium of bodies without regard 
to the origin of the forces acting on them. In order, however, 
to deal with questions of equilibrium it is necessary to be 
familiar with the various possible sources of forces and the 
conditions under which they are effective in order correctly to 
prepare a problem for the application of purely statical methods. 
In the exercises prescribed in the foregoing work, the 
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sources of all the forces dealt with might be classified broadly 
as either directly or indirectly the attraction of gravitation, 
which needs no further comment, and to an interaction be- 
tween masses most naturally thought of as normal to their 
surface of contact. Accordingly special attention will now 
briefly be given to the possibility and causes of interactions 
between masses inclined to the normal to their surface of 
contact. 

92. Friction. — It is a property of all bodies that they 
offer more or less resistance to being moved over one an- 
other. This resistance is a force in the plane of contact 
always to be considered when one body rests upon another 
and the other forces acting on the body have an unbalanced 
component parallel to that plane. This kind of resistance is 
called friction. The resultant of the friction with the normal 
resistance is a force acting on the body inclined to the normal 
to their surface of contact. 

The elements of a force due to friction have the following 
characteristics. 

The point of application may always be taken in the sur- 
face of contact. 

The direction is always opposite to any unbalanced com- 
ponent of the other forces parallel to the surface of contact. 

The magnitude, like that of any other passive resistance, is 
variable. It is as large as it has to be (up to a certain limit) to 
maintain equilibrium and no larger. In this respect, friction, 
or tangential resistance, is precisely like the normal resistance. 
The limit in the latter case is the ultimate compressive strength 
of the weaker of the two bodies and, in the former, the limit 
is a certain percentage (called the coefficient of friction) of 
the normal pressure existing at the time in question. If the 
former be overstepped penetration or crushing will occur, if 
the latter, sliding or rolling. Both limits are experimentally 
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determined for various materials and conditions, and data re- 
garding them can be found on record in the standard reference 
books. 

The coefficient of friction is commonly designated by the 
letter //. Its values vary greatly according to the materials in 
contact, the smoothness of the surface of contact, the degree of 
lubrication, whether the motion is likely to be sliding or rolling. 

When the limit of friction is reached and the body is about 
to move, the reaction upon this body from the one under it is 
at a limiting inclination to the normal to the surface of con- 
tact called the angle of friction. The tangent of this limiting 
angle is evidently the ratio of the limiting frictional resistance 
to the normal pressure with which it is associated. That is, 

the coefficient of friction is the tangent of the angle of 
friction. 

If greater resistance to motion on the surface of contact be 
required than friction can be trusted to furnish, recourse can be 
had to various devices, prominent among them the use of one 
or more bodies penetrating each of the two given ones, pass- 
ing through their surface of contact and furnishing the required 
resistance in that surface by virtue of their shearing strength. 
Nails, bolts, rivets, and dowels are examples of the bodies 
used for such purpose. 

What is of most importance with regard to friction from 
the point of view of statics is that it is a source of passive force 
tangential to a surface of contact between two bodies just as 
normal resistance is a source of passive force normal to that 
surface. Of course a force due to friction is treated statically 
just like any other force. 

Example i. A body of weight W rests upon a rough 
plane inclined a to the horizon and is subject to a horizontal 
force P, The coefficient of friction being jw, between what 
two limits may P vary while the body remains at rest } 
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Solution. The forces acting on the body are the active 

forces P and W, and the passive ones N and Tz=i /jN. When 

Tracts downward as shown, Fig. 41, P is at its upper limiting 

value and the body is about to move 

up the plane. 

Statically the problem is one to 

determine two magnitudes in a set 

of concurrent forces whose lines of 

action are all given (Case 2a), The 

Fig. 41. unknowns are P and N, T being 

known as soon as JV is. The regular solution of Case 2a 

can now be applied. No numerical data being given the 

algebraic method will be used. 

Resolving the four forces along and at right angles to the 
plane for the A^ and Ay equations there results 

P cos a —j.iN — W sin «r = O, 

P sin a— N -\- Wcos, or = O. 

Eliminating Ny it appears that 

p _ sin or + /f cos a ^^ 
~ cos a — ^ sin oc 

Reversing the direction of T the other limiting value of P is 
found by similar means to be 

sin OL — fjL cos a 



P = 



W. 



cos a -\- jx sin a 

The same result might have been reached by reversing the 
sign of pL in the other value of P. 

Example 2 . A uniform ladder rests upon a horizontal floor 
and against a vertical wall. The floor and wall are of differ-^ 
ent materials and the coefficients of friction between them and 
the material of the ladder are respectively .30 and .20. What 
is the least inclination to the horizon at which the ladder caa 
rest } 
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Solution. The ladder is to be in equilibrium under three 
forces: IV its weight acting at its center 
of gravity, P and Q at its upper and 
lower ends respectively with directions 
inclined to the normals to the wall and 
floor by their respective angles of fric- 
tion, and in such a way as to give P an 
upward component and Q a component 
towards the wall. The part that pure 
statics plays in this problem is to furnish 
the condition that IV must pass through 
the intersection of P and Q. To this 
end the middle of the ladder must be 
in the same vertical with the intersec- 
tion of P and Q. The inclination, 0, of the ladder when this 
condition is satisfied will be the limiting inclination required. 

The determination of this inclination is henceforth purely 
a geometric and trigonometric process. Thus can be written 
(Fig. 42), 

cos (0 -i- 0;) _ sin (0 -I- fl,) 
sin Wj ~ cos 0j ' 



8j being given respectively as tan-' 0,30 and tan-' o.so, it 
follows that 

^= tan-' 1.567 = 57° 2f. Ans. 

Additional problems involving friction may be found in 
abundance in such works as those mentioned at the end of 
Chapter VI. 



APPENDIX I. 
ADDITIONAL REGARDING THE SCOPE OF PURE STATICS. 

In this Appendix, as in Chapter V, the term Pure Statics is 
used to designate the treatment of problems in which the data 
consist exclusively of elements of forces, the desiderata in- 
clude only other elements of forces, and the conditions of equili- 
brium of rigid bodies form the only determining conditions. 

A somewhat different class of statical problems is some- 
times met, especially in text-books, in which the object is to 
determine the position in which a given body will rest under 
given forces and with given conditions of support. The de* 
siderata here are geometrical relations between bodies con- 
sistent with equilibrium, and not elements of forces. Such 
problems might not improperly be called geometrico-statical 
problems to distinguish them from purely statical problems. 
An illustration of such is to be found in Example 2 of § 92 . 
Their solution consists in using the conditions of equilibrium 
to identify the position of the body for which the forces acting 
would be interrelated in a manner consistent with equilibrium, 
and then in using sufficient geometric insight to derive a simple 
definition of that position, — the latter of the two steps olten 
proving the more puzzling of the two. 

Moreover, as stated in §46, a large part and often the 
most difficult part of an ordinary statical problem in practice 
isr the discernment of the data in proper shape for insertion into 
the purely routine processes of pure statics. 
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Though pure statics must accordingly be understood to 
have a restricted meaning, nevertheless within its domain will 
be found nearly all of the statical problems of engineering. 
The mathematical extent of this domain offers an inviting field 
of inquiry with a view to finding out how many and what 
problems might arise, which would not be obviously beyond 
its purview by involving more unknowns than there are deter- 
• mining conditions. 

As a simple matter of permutations ^nd combinations an 
early limit is set to the number of such problems. It is merely 
a question of the number of ways in which groups of elements, 
each group containing as many elements as there are determin- 
ing equations, can be selected without repetition from the total 
number of elements which pertain to forces not exceeding 
in number the determining equations. It will be convenient 
to treat forces in two groups, {a) non-concurrent (excluding 
parallel) forces and {b) concurrent (including parallel) forces, 
in which the determining equations are three and two re- 
spectively, and the limiting number of combinations eighty- 
four and fifteen as deduced in §44. As implied in §44, many 
of these combinations are, after all, statical identities. For 
example, a magnitude, direction, and point of application can 
be selected from a group containing three each of these ele- 
ments in three different ways, but in each case the statical 
significance is the same, viz., that the magnitude, direction, 
and point of application of one of a group of forces are to be 
evaluated. Collecting the statical identities as separate cases, 
there are found for non-concurrent forces only twenty such 
cases, numbered in the following table I-XX, and for concur- 
rent only nine, numbered XXI-XXIX. 

It should be borne in mind that for non-concurrence, as 
here understood, it is necessary and sufficient that the resultant 
of all the known forces shall not include a point common to 
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three unknowns nor be parallel to them, and for concurrence 
that this resultant shall intersect the point common to two 
unknowns or be parallel to them. It hardly need be added 
that with non-concurrent forces if three unknowns should have 
a point in common or be parallel, the problem would always 
be incapable of solution. 

The following table gives a list of all the twenty-nine 
cases, with the number of statical identities included in each 
case. P, n', and m are used to designate magnitude, direc- 
tion, and point of application respectively of any of three 
forces, Qt R, and 5, which may involve unknowns. The 
sense may be understood to be unknown whenever either the 
magnitude or the direction is unknown. 

The reader who has mastered the four cases of §45 will 
find the additional ones an interesting field for further practice 
with the same methods, adjusting them of course to the 
peculiarities of each case. The graphical method is recom- 
mended as especially convenient for this investigation. The 
problem in the first twenty cases is then uniformly to close a 
magnitude polygon and a string polygon, observing that in 
the last nine cases, insuring the concurrence of the forces may 
replace the closure of the string polygon. The number of 
forces involved need never exceed four, any number of given 
forces being considered to be represented by any single force 
as their resultant. Some of these new cases will be found in- 
capable of solution, or capable of one or more real solutions, 
according to the relations between ^he data in each case. 
Others are always indeterminate. Very few are always capa- 
ble of only a single solution. 

Some of the last nine cases might be regarded as special 
cases already included in the first twenty. 
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No. 


Unknown Elements Pertaining to 


No. of 

Statical 

Identitiee 

Included. 


Remarkn. 






Q 


R 


S 






I 


P 


a 

a 
a 

a 

a 
a 
a 

a 

a 
a 


m 

m 
m 
m 

m 
'tn 
in 

a 
m 
in 

m 


P 
P 

P 
P 

P 
P 

P 
P 
P 

P 
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a 
a 
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a 

a 

a 
a 

a 

a 
a 
a 


m 
m 

m 
m 

m 
m 

m 
m 
m 

m 
m' 

in 


P 

P 
P 


a 
a 

a 




3 


Case 1 of S 45 


concurrent (excluding parallel) forces. 




II 


P 


6 


Case 3 of § 45 




III 


P 


6 






IV 






6 






V 




6 






VI 




6 






VII 




6 






VIII 




6 






IX 


6 






X 


P 


6 






XI 


P 


1 


Case 4 of 645 




XII 


P 


3 






XIII 


P 


m 


3 






XIV 






1 






XV 




m 


3 




• 

1 




XVI 




3 






XVII 




m 


1 






XVIII 







3 






XIX 




3 






XX 


P 
P 


m 


6 






XXI 




2 




Concurrent (including parallel) 
forces. 




XXII 


P 




2 






XXIII 






2 






XXIV 


P 
P 


2 






XXV 


2 






XXVI 


P 




2 




# 


XXVII 




1 


Case 2 of S 45 




xxvin 






1 






XXIX 


1 
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1. Parallelogram of Forces, Triangle of Forces, Polygon of 
Forces, — the last preferably called Magnitude Polygon. 

2. Component. 

3. Moment, how found. Pa =P cos a.y—P sin a.:x;. Prove 
this equation purely geometrically. 

4. String Polygon. Given forces ab, be, cd, de, ef, fg, etc.; 
(a) what strings must intersect on de} Ans. od and oe, (b) 
Between what two forces must oe run ? Ans. de and ef. (c) of? 
Ans. ef and fg. (d) What strings must intersect on resultant of 
abj be, cd? Ans. oa and od. (e) Of cd, de, ef ? Ans. oc and of 
(/) Of cd, de, ef, fg? Ans. oc and og. (g) Of cd, de? 
Ans. oc and oe. (h) What (by letters) will be the resultant in 
each of these last four cases? Ans. ad, cf, eg and ce respectively. 

5. Magnitude Polygon deals directly with magnitudes and 
directions. String polygon deals directly with directions and 
points of application and indirectly with magnitudes. 

6. Equilibrium is the condition of a body which is under- 
going no change with respect to (A) Translation or (B) Rotation. 

Ax and Ay equations being satisfied preclude a single force 
resultant greater than zero, hence together they preclude a 
change in translation. 

B equation being satisfied precludes a couple, hence it pre- 
cludes a change in rotation. 

Closing the Magnitude Polygon precludes a change in trans- 
lation, because the resultant is thus shown to be zero in magni- 
tude. Closing the string polygon precludes a change in rotation, 
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because two forces equivalent to the given set of forces are thus 
shown to coincide, hence cannot be a couple, and hence the 
given set cannot be reducible to a couple. 

One or both oi A^ and Ay may be replaced by additional 
moment equations when it can be certain that centres are not 
on the lines of action of forces sought. 

One force of magnitude greater than zero cannot be m 

EQUILIBRIUM. 

Two FORCES to be in equilibrium must be coincident. 

Three forces to be ln equilibrium must meet in a point 
or be PARALLEL. Why ? 

7. Four important cases of statical problems: 

Case I. — Magnitude, direction, and point of application of 
one force required, — Composition of Forces. 



Algebraic Solution, 
Ax, Ay, and B. 



Graphic Solution. 

Magnitude Polygon and 
String Polygon. 



String Polygon and B though valid are superfluous and useless if forces concur 
unless their common point is inaccessible through parallelism or otherwise. 

Case 2. — Magnitudes of two forces required — Resolution of 
Forces. 



Algebraic Solution, 

(2a) Ax and Ay taking one 
axis along one of the unknowns, 
or 

B and B, center first on one 
unknown only and then on 
the other. 

(26) B and 5, center first 
on one unknown only and then 
on the other. Check with A^, 
andii». 



Graphic Solution, 
Magnitude Polygon, 



Magnitude Polygon 
String Polygon. 



and 
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Case 3. — Magnitude of one force, and magnitude and direc- 
tion of another required. 



Graphic SoltUion. 

Magnitude Polygon and 
String Polygon. Start first 
string through given point of 
application of force whose 
point of application alone is 
given. 

Or make into Case 4 (and combine with Case i if need be). 

Case 4. — Magnitudes of three forces required. 



Algebraic Solution. 

By center at the point of 
application of the force whose 
point of application alone is 
given. Ax and Ay. 



Algebraic SoltUion. 

Bj B, and B, centers at 
intersections of unknowns; 
or Bj B, and either A^ or Ay] 
or Bj Ax and Ay. 



Graphic SoltUion. 

Magnitude Polygon and 
String Polygon. First string 
through intersection of two con- 
secutively lettered unknowns. 



Case 4 is indeterminate, or, it may be, impossible if unknowns meet in a point. 

What cases include method of sections? Master algebraic 
and graphic solution of the practice problems as a good review 
of the exercises. 

8. Resolve a force (or group of forces) into two components. 

This is Case 2a or 26 according as components are to be non-parallel or 
parallel, and is impossible unless components intersect upon or are parallel to 
the resultant of the set. 

9. Resolve a force (or group of forces) into three components. 

This is Case 4 and indeterminate, or, it may be, impossible if components 
are concurrent or parallel. 

10. Showing Forces. (Cf. § 46.) 

Show the weight of the body or other given forces in a ske^^ch 
of the body drawn approximately to scale in a position con- 
sistent with equilibrium. 
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Forces other than those due to gravity (or magnetism) can' 
act only at points of the body in contact with other bodies. 

At such points if either body is smooth, or frictionless (or to 
be so regarded) the force must be normal to the surface of con- 
tact. 

Friction may introduce a force in the plane of the surface of 
contact. 

Show all the forces, knowns with magnitudes and unknowns 
with letters. 

If only three forces are concerned, see that they meet in a 
point or are parallel. 

Show senses with a view to the equilibrium of the one body 
only which is under consideration. 

If any data seem lacking or unobtainable from the geometry 
of the figure, substitute letters for such quantities and let them 
appear in the answer if they are not eliminated in the course of 
the work, as they often will be. 

11. Statics Problem. 

Sketch, as nearly as may be, to scale. 

f all known. 
Show forces i , - ., , 

[ unknown so far as possible. 

Identify the case. 

Do the geometrical work for getting the angles and other 
data. 

Solve by most convenient method. (Pure Statics.) 

For graphic solution letter all knowns consecutively, followed 
by all imknowns consecutively. 

Check in any way possible, using rough checks as well as 
accurate ones. Guard against large mistakes as well as smaller 
ones. 

12. Stress Diagrams — a mere collection of solutions of 
Case 2a. 
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INDIVIDUAL DATA FOR EXERCISES. 



The following set of data for the exercises in the text will be found 
convenient where it is desired (as suggested in the Preface) to conduct 
.classes without duplication of data among the students. This set 
is carried far enough to suffice fully for upwards of two hundred 
students, and is obviously capable of unlimited extension. 

E^ch student is supposed to be furnished at the outset with two 
"combinations," valid for himself alone, one pertaining to all exer- 
cises (for which individual data are to be specified) except Exercise 7, 
and the other for Exercise 7. The former may consist of a series 
letter followed by any combination of five of the digits 1-9. The 
latter of a series digit and three letters, each letter being selected from 
a suitably restricted and interpreted group. 

The data indicated by the combinations C24679 and 2chm will be 
-specifically indicated below, by way of example, for certain of the 
exercises. The letters c, h, and m in the latter combination will be 
observed to have been selected one each from the groups (a, 6, c, d, 
'^)f iff gy h, i, 7), and {k, w, «, 0, p). 

Exercise i. Take data as given. 

Exercise 2. Take data as given. 

Exercise 3. Select as per given combination from the following 
thirty -six forces: 



No. of 
Force. 


Series a. 


Series h. 


Series c. 


Series d. 


I 


"J 


75** 2,0 


i6J 770 1,0 


14* 


79° 2,0 


40 


8i^ 


1,0 


2 


10 


80 5,0 


12* 83 3»o 


40 


87 5»o 


33i 
i4t 


85 


3»o 


3 


16} 


98 8,0 


10 96 7,0 


2>3\ 


93 8,0 


99 


7,0 


4 


20 


105 11,0 


30 104 12,0 


30 


103 11,0 


25 


107 


12,0 


5 


25 


263 14,0 


25 265 13,0 


25 


267 14,0 


20 


261 


i3»o 


6 


30 


258 17,0 


20 266 16,0 


20 


260 17,0 


30 


255 


16,0 


7 


33i 


280 20,0 


I4f 282 18,0 


i6f 


278 20,0 


10 


285 


18,0 


8 


40 


285 23,0 


33i 288 22,0 


10 


290 23,0 


I2i 


295 


22,0 


9 


14* 


102 26,0 


40 100 25,0 


12* 


204 26,0 


16} 


108 


25,0 
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E,g,, the combination ^24679 would indicate as the forces to be 
selected from this table, 

40 87° 

30 103 

20 260 

i6§ 278 

12^ 204 

Note that the magnitudes are frequently aliquot parts of 100 for 
sake of simplifying arithmetical work. 

Exercise 4. Selection to be made from the following table, using 
the combination as in Exercise 3. 

All directions 270°. 



11,0 
17,0 
20,0 
26,0 



No. of 
Force. 


Series 


a. 


Series h. 


Series c. 


Series d. 


I 


50 270 


2,0 


40 270 1,0 


10 270 5,0 


15 270 3,0 


2 


45 


5»o 


50 3»o 


15 8,0 


20 7,0 


3 


40 


8,0 


45 7»o 


20 11,0 


10 12,0 


4 


35 


11,0 


25 12,0 


25 14,0 


30 i3»o 


5 


30 


14,0 


35 i3»o 


30 17,0 


35 16,0 


6 


25 


17,0 


30 16,0 


35 20,0 


25 18,0 


7 


20 


20,0 


10 18,0 


40 23,0 


45 22,0 


8 


15 


23,0 


20 22,0 


45 26,0 


50 25,0 


9 


10 


26,6 


15 25,0 


50 2,0 


40 1,0 



Exercise 5. Take the same five forces as in Exercise 4, but reverse 
the sense of the first, fourth, and fifth. 

Exercise 6. Selection to be made from the following table, using 
the combination as in Exercise 3. 

All forces applied at the same point. This point has naturally been 
taken as (o, o), but it might be any other point. 



No. of 


Series a. 


Series h. 


Series c. 


Series d. 




Force. 












I 


40 39° 0,0 


I4f 40<> 0,0 


1 6} 42® 0,0 


I2i 47<> 0,0 


2 


33i 118 
I4f 80 


40 120 


12^ 124 


10 128 




3 


ZZi 82 


10 75 


16} 73 




4 


25 200 


30 205 


30 208 


20 211 




5 


20 160 


25 164 


25 167 


25 170 




6 


30 240 


20 244 


20 248 


30 252 




7 


10 280 


i6} 284 


I4f 287 


33i 290 




8 


i2i 200 


10 315 


33i 318 


40 320 




9 


i6} 360 


I2i 352 


40 350 


14* 345 
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Exercise 7. Take the forces as given on p. 39, but substituting 
other points of application as per combination and the following table; 



For 


60 


330 


For 


50 


210 


For 


50 


90 




Series x. 


Series a. 




Series x. 


Series 3. 




Series i. 


Series 2. 


a 


-4,0 


- 2,0 


/ 


0.3 


0,1 


k 


5,0 


3»o 


b 


-5.0 


- 3»o 


g 


0,4 


0,2 


m 


2,0 


6,0 


c 


-6,0 


- 9,0 


h 


0,6 


0,3 


n 


12,0 


10,0 


d 


-7,0 


— 10,0 


t 


o,S 


0,4 





8,0 


14,0 


$ 


-8,0 


-11,0 


1 


0,2 


o,S 


P 


16,0 


18,0 



E,g.<i 2chm calls for (—9,0), (0,3), and (6,0) as the respective points 
of application for the three forces. 

Exercise lo. Take as the inclination of the boom to the vertical 
a number of degrees found by multiplying the sum of the digits in 
the combination by 4, t, i, and f for series a, c, b, and J, respectively. 

E.g., for C24679 the inclination proves to be f (2 + 4+6+ 7 + 9) =35°. 

Exercise ii. Take as the length of beam 30 feet instead of 20 feet; 
substitute for the four given loads the five forces used in Exercise 4 
(imderstanding the magnitudes now to express cwt. instead of lbs.), 
and take as the weight of the beam 10 cwt. 

Exercise 13. Select magnitudes Pi, P2, P3, P4, and P5 from 
the following table, as per combination: 



No. of Force. 


Series a. 


Series b. 


Series c. 


Series d. 


I 


9000 


9600 


9200 


9400 


2 


4000 


4800 


4200 


4400 


3 


5600 


5000 


5200 


5400 


4 


7000 


7500 


7200 


7400 


5 


3600 


3000 


3200 


3400 


6 


8000 


8400 


8200 


8600 


7 


2000 


2500 


2400 


2800 


8 


1200 


1000 


1600 


1800 


9 


6000 


6400 


6800 


6200 



E.g., for C24679 the selection is 4200, 7200, 8200, 2400, and 6800^ 
respectively. 

Exercise 14. Resolution of a force into three components. 

Take as the weight of the plate the sum of the digits of the com- 
bination, multiplied by 10, 20, 30, and 40 for series a, b, c, and dy, 
respectively. 
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E.g,y for C24679 the result is (3oX[2+4+6+7+9]=)84o. 

Exercise 17. Use the five numbers selected for Exercise 13, 
dividing them by 1000, understanding them to indicate feet instead 
of pounds, for five lettered dimensions of any other suitable figure 
which may be preferred to that named on p. 77. 

Exercise 18. Take the direction of the force at (o, o) at the same 
inclination to the vertical as that of the derrick boom in Exercise 10. 

Exercise 19. Take the same beam and loads as in Exercise 11^ 
except that the weight of the beam itself and the right hand force will 
be omitted. Express the forces in pounds and the results in foot-pounds. 

Exercises 21-23. Take, instead of "one fourth" fcr the rise of 
the truss, a fraction derived from the formula 0.25+ 0.02 X the sum 
of the first two digits of the combination, and, when the first digit of 
the combination is odd, make all web diagonals slope upward toward 
the center of the span instead of as shown in Exercises 21 and 23, 
leaving them as shown in Exercise 22, and then in Exercise 23 take 
4-13 as the bar to check instead of 3-12. If the first digit is even, 
leave the diagonals as shown for Exercises 21 and 23, and change 
as just stated in Exercise 22 only. 

E.g., for C24679 the rise in all three exercises will be (0.25+0.02 
(2 + 4) = )o.37 of the span, and the first digit, 2, being even, the diag- 
onals will slope as shown in Exercises 21 and 23, and upward toward 
the center of the span in Exercise 22. 

Exercise 24. In place of the 2000 take the number given as the 
weight of the square in Exercise 14. 

Exercise 25. Assign. to the five P's the five magnitudes used in 
Exercise 13. 

Exercise 26. For the 3000 and 5000 substitute values equal re- 
spectively to ^Xthe sum of the first three digits of your combination, 
and ^Xthe sum of the last two, where k has the values 1000, 800, 
600, and 500 for the series a, 6, c, and d, respectively. 

E.g.^ for C24679 the substitutions would be (6ooX(2+4+6) = )720o 
and (600 X (7 + 9) = ) = 9600, respectively. 

Exercise 27. For the 5000 and 2000 substitute the same values 
as those substituted in Exercise 26. 

Exercise 28. Take data as given. 

Exercise 29. For the left hand 1500 and the 2000 lb. load 60 ft. 
to the right of C, substitute respectively two fifths the values above 
specified for Exercise 26. 

Exercise 30. Take data as given. 

Exercise 31. Take the same panel concentration as in Exercise 24. 

Exercise 32. Take data as given. 



APPENDIX IV. 

PRACTICE PROBLEMS.* 
AH distances are expressed in feet unless otherwise stated, 

1. Find algebraically the component of 20 lbs. 40°, 6, 4 f 

{a) Parallel to the axis of Y. 

(b) Perpendicular to the axis of X. 

(c) Parallel to a line making an angle of 60° with the 

axis of X. 

(d) Parallel to a line whose slope is 0.488. 

2. Find algebraically the moment of 20 lbs. tan"* 0.839 
3, 4 about 

(a) ( 6, 2). 

(b) (-3> 4). 

(c) ( 3, -6). 

(d) (-3, -4). 

3. Find the moment of Pa{xiy yi) about (x2, 3^2). 

4. Check the results of Problem 2 by substitution of the 
proper numerical values for the various letters in the result of 
Problem 3. 

5. The tow-line of a canal boat is 150 ft. long from the 
fastening on the boat to the collar of the mule. The tow-line 
includes a spring-balance which reads 90 lbs. The mule walks 
3 ft. from the edge of the water, and the attachment of the tow- 
line to the boat is 12 ft. from the bank. Neglect the sag of the 
line. 

* See Preface to Second Edition for remarks upon these problems, 
t See Chap. II for an explanation of this notation. 

Z4a 
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(a) What is the effective pull on the boat in the direction of 
the desired motion ? 

(6) What is the force tending to turn the bow toward the 
bank? 

(c) What is the percentage of the former to the total pull? 

{d) How would the sag of the line modify these results ? 

6. The angle between a given line and the line of action of 
a given force of 33 J lbs. is 14° 21'. How much is the component 
of the force along the line? 

7. It is proposed to cause the three forces (20 lbs. 220® 2, 
6), (20 lbs. 60°— 3, —6), (20 lbs. 150°— 4, 4) to act on a body. 

(a) What single force would have the same effect ? 
(6) What force would balance them? 

8. What is the moment of (50 lbs. 238° 20' —4, —2) about 
(6, —3)? Supposing the units of length to be feet, in what 
units is the answer expressed ? 

9. What is the component of the force of the preceding ques- 
tion 

{a) Along a line inclined to its line of action by 22®? 
(6) Perpendicular to that line ? 

10. Three forces (100 lbs. 120® o, —6), (50 lbs. 45°, 4, 2), 
and (50 lbs. 180° 6, o) are to act on a body. What additional 
force will be required if the body is to remain in equilibrium ? 

iq) Solve algebraically. 

(6) Sketch freehand the graphical solution. 

11. A bicycle crank 7 in. long is inclined 30° to the vertical 
and is wholly above and to the right of the crank shaft. The 
pressure on the pedal is 20 lbs. The plane of the pedal is 
inclined 5° to the horizon. Assuming the pressure to be normal 
to the plane of the pedal, determine the two moments about the 
crank axis, which are possible from the preceding data, in 
inch-lbs, ^ 
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12. One of the forces of a couple is (20 lbs. 60® 4, 6) and 
the other force is applied at a point 10 ft. below and 8 ft. to the 
right of (4, 6). Determine the moment of the couple. 

13. What is the moment of (20 lbs. 340® 41', —6, —3) about 
(-6, -2)? About (6, 4)? 

14. What is the component of the force of the preceding 
question 

{a) Along a line MN inclined to its line of action by 40° 40' ? 
(6) Perpendicular to MN ? 

15 Three forces (100 lbs. 90° 6, 4), (50 lbs. 270° —4, 2), 
and (50 lbs. 256° 30' 6, o) are to act upon a body. What addi- 
tional force will be required if the body is to remain in equilib- 
rium? 

(a) Solve algebraically. 

(6) Sketch freehand the graphical solution. 

16. Solve for a in the following: 

{a) E cos a = — 20; £ sin a — 30. 

(d) 

ie) 
(/) 

(g) 
(A) 

17. Six given forces of which the £ cos a =60 and Esina 
■=—40. The moments of the six with reference to (o, o) are 
200, —60, 40, 800, —200, and 300. Observe that the moment 
equation is the equation of the line of action of £, and with 
its help find a point on the line of action of E. 

18. A captive balloon capable of raising a weight of 400 lbs. 
is anchored at a height of 400 ft. by a rope 500 ft. long. Find 
the pull in the rope and the horizontal pressiure of the wind on 
the balloon. 



» • 


— 


30; 


. • 


= — 20. 




= . 


- 4; 




= —800. 




«. 


-400; 




= - 80. 




= 


0; 




= 60. 




= 


0; 




«— 40. 




=» 


60; 




« 0. 




» 


20: 




= —60. 
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19. A 50-Ib. weight hangs by a wire 13 ft, long. What hori- 
:zontal force would be needed to draw it 5 ft. out of the vertical 
through the point of support, and what would then be the tension 
in the wire ? 

20. A sphere weighing 100 lbs. is lodged between two smooth 
planes inclined at an angle of 85° to the horizontal. Find the 
pressure against each plane. 

21. Show that if a picture is hung from a nail by a cord 
secured to two rings in the top of the frame, the shorter the cord 
the stronger it ought to be. Would it be possible for the cord 
to remain straight when placed over the nail? 

22. A ladder weighing 150 lbs. rests against a smooth floor 
and wall. A man weighing 200 lbs. stands one-third the way 
up the ladder, (a) If the ladder makes an angle of 60° with the 
floor, determine the horizontal pressure against the cleat at the 
foot of the ladder. 

(6) What is the pressure if he stands two-thirds the way up ? 
(c) What is the pressure on the wall in each case ? 
((/) What is the pressure on the floor in each case ? 

23. An oarsman weighing 180 lbs. pulls horizontally at the 
handle of an oar so as just to lift his weight from the seat. The 
stretcher against which his feet press is 16 inches below the 
level of his hands, and distant 2 ft. from the vertical through 
his center of gravity. What is the force applied to the oar? 

24. If, in the preceding problem, the rowlock is at one 
quarter of the distance from the hands to the center of pressiure 
on the blade of the oar, what propelling force could eight such 
oarsmen apply to the boat? 

25. A tricycle, weight 74 lbs., has its small wheel symmetri- 
cally situated 3 ft. behind the two large wheels which are 3 ft. 
apart. The center of gravity of the machine is 9 in. behind 
the front axle, and of the rider, who weighs 126 lbs., is 3 in. behind 
it. Find the pressure of each wheel on the groimd. 
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26. The length over all of a bicycle is 6 ft. 4 in. Each wheel 
is 2 ft. 4 in. in diameter, and each wheel rests in turn on a plat- 
form scale. The scale reads 10 lbs. and 14 lbs. respectively, 
according as the front or the rear wheel is on the scale. How 
far back of the front axle is the vertical through the center of 
gravity of the bicycle ? 

27. A man mounted on the bicycle of the preceding problem 
causes the scale readings to change to 50 lbs. and 134 lbs. How 
far back of the front axle is 

(a) The center of gravity of the rider? 

(6) The center of gravity of the system ? and 

(c) How much does the rider weigh ? 

28. A rod balances about a point one quarter of its length 
from one end. If a weight of 2 lbs. is attached to the thin end, 
the balancing point is shifted. 8 inches toward that end; whereas 
8 lbs. must be attached to the thick end to shift it the same 
amount in the other direction. Find the length and weight of the 
rod. 

29. A wagon wheel with a radius of 30 in. weighs with its 
load 200c lbs. What horizontal force applied at the hub will 
cause it to surmount an obstacle 2 in. high? 

30. A sphere is hung by a cord from a hook in a smooth 

vertical wall. The length of the cord is equal to the radius of 

the sphere. Find the inclination of the cord, its tension, and 

the pressure on the wall, if the sphei'e weighs 10 lbs. 

» 

31. A sphere weighing 1000 lbs. is lodged between two 

smooth planes inclined at angles of 75 and 70 degrees to the 
horizon respectively. The pressure on the former being P, 
and on the latter Q, determine the magnitudes of P and Q. 
Solve algebraically only. 

32. A picture weighing 8 lbs. is hung by a cord passing over 
a nail and attached to two rings in the top of the frame. Find 
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the tension in the cord when the two portions axe inclined at 
an angle of {a) 60 degrees; (6) 120 degrees. 

33. A uniform ladder weighing 80 lbs. rests upon a smooth 
floor and against a smooth wall, a cleat nailed to the floor keeping 
the foot of the ladder from slipping: A man weighing 160 lbs. 
stands three-fifths of the way up the ladder. If the ladder is 
at an angle of 50° with the floor, determine the pressure against 
(a) the cleat, (6) the floor, and (c) the wall. Solve algebraically 
only. 

34. Determine the pressure on the wall in the preceding 
problem if the wall were to be inclined 5° to the vertical, causing 
the angle at the base of the wall subtended by the ladder to be 
95®. If the wall were to incline the other way, making this 
angle 85°, would the pressure be increased or diminished by 
the change, and how can you tell ? 

35. A ladder 30 ft. long and weighing 56 lbs. rests at an 
inclination of 60° to the horizon with its lower end against the 
foot of a wall. It is sustained by a rope attached to a rung 
20 ft., measured along the ladder, from the bottom and carried 
horizontally to a staple in the wall. The center of gravity of 
the ladder is 12 ft. from the bottom, (a) Find the pull in the 
rope, and the direction of the reaction at the foot of the ladder. 

(6) What would the pull become if a man weighing 160 lbs. 
should climb to the top of the ladder ? 

36. A rigid bar 2 ft. long weighs 10 lbs., its center of gravity 
being 8 inches from one end. The bar rests inside a smooth 
hemispherical bowl of 15 inches radius. What weight, W^ 
must be applied at the middle point in order that the bar may 
rest when making an angle of 15° with the horizontal? Also, 
what are the reactions at the ends? 

37. A uniform bar 20 in. long, weighing 10 lbs., rests with 
one end against a smooth vertical wall and the other over- 



«48 



STATICS. 



hanging a smooth peg lo m. from the wall. A weight, P, is 
suspended from the end so that the bar is in equilibrium when 
making an angle of 30° with the horizontal. Find P and the 
pressures exerted on the bar by the wall and peg. 

38. Resolve a force into two components. Data (20 lbs., 30® 
o, o). Components to have the respective directions 50° or 230°, 
and 140° or 320°. 

Name a point which might be common to both these 
components. Name a second one. How many such are 
there? 



39. Resolve a force into three components. Data (20 lbs., 
30°, o, o). Components to have the respective directions o*^ 
or 180°, 45° or 225°, and 120° or 300°, and to pass through the 
points (8, o), (o, 6), and (12, o), respectively. 

Why is it necessary to name the points of application of the 
components here and not in the preceding? Supposing the com- 
ponents should have a common point (4, 6), how would the 
problem be affected? Supposing the directions had all been 30° 
or 210°? 

40. Find the resultant of (20 lbs., 30° 2, o), (10 lbs., 210° 6, 
o), (30 lbs., 30° 12, o), (40 lbs., 210° 16, o). 

41. A uniform beam 30 ft. long on two supports, one at the 

left end and one 5 ft. from the right end. 
Determine the pressures on the supports if 
loads of 500, 750, and 1000 lbs. are placed 
8, 20, and 30 ft. from the left end and the 
beam itself weighs 250 lbs. 




42. Three smooth cylinders (Fig, 43), 
each 10 in. in diameter, rest in the posi- 
tion shown in a trough of rectangular sec- 
tion. Find the thrust against the sides of the trough if 
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the cylinders weigh 500 lbs. each and the trough is 25 in. 
wide. 

43. Find the moment of the 1000 lb. force (Fig. 44) about 
the foot of the right-hand column. The force is normal to the 
roof slope. 



r*-— -10 — >i< 

1000* ! ' 




Fig. 44. 



44. Find the center of gravity of the figure shown in Fig. 45. 



\. 



7 



J 
JL 







T 

T 



Fig. 45- 
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45. Find the stresses in each of the bars of the frame of Fig. 46. 
The closure of the diagram will check the work. 

Use the method of sections for checking the result for each 
bar of the set of thirteen. 




^ , 4,000* 
fif- — ^10 — ***- — 10 — ■> 



Fig. 46. 

46. Where could one support be placed to replace the two 
supports of Problem 41 ? What would be the pressure on it? 

47. A horse pulls 100 lbs. on the whiffletree attached to the 
pair of carriage-shafts shown in Fig. 47. The shafts curve, as 
shown, from the whiffletree to bolts securing them to the front 
axle of a carriage. The shafts are supported by the saddle 5 ft., 
horizontally, from the bolts. Determine the pressure on the horse's 
back and the force acting on each bolt. 



h»— 



n^mm»»^mm «»»m«^ «h i 




Fig. 47. 



48. Two bars of equal length, hinged together at the top and 
connected below by a horizontal bar, stand on a smooth plane. 
Loads and dimensions as shown (Fig. 48). Determine the stress 
in the horizontal bar. 




iSt 



j^ _30 

Fig. 48. 

49. If the hinges of a gate are 4 ft. apart and the gate is 10 ft. 
wide and weighs 500 lbs., show that, on the assumption that all 
the weight is borne by the lower hinge, the force transmitted 
through the upper hinge must be 625 lbs. 

50. A circular tower, the diameter of which is 20 ft., is being 
built, and for every foot it rises it inclines i in. from the vertical. 
Find the greatest height it can reach without falling. 

51. A circular table weighs 20 lbs. and rests on four legs in 
its circumference forming a square. Find the least vertical 
pressure that must be applied at its edge to overturn it. 

52. An equilateral triangle stands vertical on a rough plane 
with its base in a line of greatest declivity. Find the tangent of 
the inclination of the plane to the horizon when the triangle is oa 
the point of overturning. 
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53. An equilateral triangle rests on a square in the same 
•plane with it, and the base of the triangle is equal to and con- 
stitutes a side of the square, the triangle remaining wholly with- 
x)ut the square. Find the center of gravity of the figure thus 
iormed. 

54. A cylinder, the diameter of which is 10 ft., and height 
'60 ft., rests on another cylinder the diameter of which is 18 ft., 
and height 6 ft; and their axes coincide. Find their common 
center of gravity. 

55. Into a hollow cylindrical vessel 11 in. high, and weigh- 
ing 10 lbs., the center of gravity of which is 5 in. from the base, 
a uniform solid cylinder 6 in. long and weighing 20 lbs., is just 
fitted. Find theij common center of gravity. 

56. A mass whose weight is 750 lbs. rests on a horizontal 
plane, and is pulled by a force, P, whose direction makes an angle 
of 15° with the horizon; determine P and the total resistance, 
iJ, of the plarib, the coefficient of friction being .62. 

57. Determine P in the last example if its direction were to 
be made horizontal. 

58. Find the force along the plane required to draw a weight 
of 25 tons up a rough inclined plane, the coefficient of friction 
being 1^, and the inclination of the plane being such that 7 tons 
acting along the plane wQuld support the weight if the plane were 
smooth. 

59. A ladder inclined at an angle of 60° to the horizon rests 
between a rough pavement and the smooth wall of a house. Show 
that if the ladder begin to slide when a man has ascended so that 
his center of gravity is half way up, the coefficient of friction 
between the foot of the ladder and the pavement is i V3I 

60. A body whose weight is 20 lbs. is just sustained on a 
rough inclined plane by a horizontal force of 2 lbs,, and a force 



APPENDIX, 153 

of 10 lbs. along the plane; the coefl5cient of friction is |. Find 
the inclination of the plane. 

61. A heavy body is placed on a rough plane whose inclina- 
tion to the horizon is sin~^ (f), and is connected by a string 
passing over a smooth pulley with a body of equal weight, which 
hangs freely. Supposing that motion up the plane is on the 
point cf ensuing, find the inclination of the string to the plane, 
the coefficient of friction being \, 

62. The coordinates of the apices of a triangular surface are 
(o, o), (12, q), and (9, 6). Determine the center of gravity. 

63. A homogeneous circular disc 20 in. in diameter is pierced 
by a circular hole 8 in. in diameter. The center of the hole is 
4 in. above and 3 in. to the left of the center of the 20-in. circle. 
Find the center of gravity of the punched disc. 

64. Where must a circular hole 2 in. in diameter be punched 
out of a circular plate 5 in. in diameter in order that the distance 
of the center of gravity from the center of the plate may be half 
an inch? 

65. A heavy body is just prevented from sliding down a rough 
inclined plane with an inclination of 7 vertical to 8 horizontal, 
by a horizontal force equal to half the weight of the body. What 
is the coefficient of friction ? 

66. A uniform ladder 100 ft. long, weighing 500 lbs., is in- 
clined 60° to a rough horizontal plane and rests against a smooth 
vertical wall. If the coefficient of friction on the plane is .25, 
how far can a man weighing 200 lbs. go up the ladder before it 
slips? 

67. A imiform ladder, inclined 30° to the horizontal, rests at 
one end on a rough horizontal plane and at the other against a 
rough vertical wall. What is the coefficient of friction if the 
ladder is on the point of slipping, assuming the two surfaces 
equally rough? 
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68. A wheel, 40 in. in diameter, weighing 100 lbs., rests be- 
tween two planes each inclined 30° to the horizon. The plane 
of the wheel is perpendicular to the line of intersection of the 
two planes. Find the value of the couple necessary to turn the 
wheel if the coefficient of friction is .25. 

69. A rod 10 in. long is hinged at one end and a weight of 
4 lbs. rests upon it 3 in. from the hinge. A string attached to the 
free end and inclined to it by 120° holds the bar in a horizontal 
position. What is the tension in the string ? 

70. In a balance the distance between the knife-edges support- 
ing the scale pans is 2/. The central knife-edge is at a perpen- 
dicular distance, x, above the middle point of this line, and the 
center of gravity is distant, A, below the central knife-edge. If 
weights, Wi, W2i are placed in the pans, and w be the weight of 
the balance, show that the beam will come to rest at an angle, 5, 
with the horizon, where 



{wi-\-'W2)x-\-wh 



Hence show that the sensitiveness decreases as the loads increase, 
a balance being said to be sensitive when a small difference in the 
weights causes the beam to depart widely from the horizontal. 

71. To pull a wagon up a certain hill the horse has to exert 
a force of 480 lbs., one quarter of this effort being employed in 
overcoming friction. If he zig-zags so as to increase the distance 
traveled by one third, what force must he exert, supposing friction 
to be the same as before? 

72. Two inclined planes of equal rise, 4 ft, with bases 3 ft. 
and 5 ft., respectively, are placed with their top edges coincident, 
and two weights connected by a smooth string are balanced across 
the top, one on each incline. Compare their weights. 



/ 
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73. A cord is supported at two points at the same level 30 ft. 
apart, and its lowest point is 8 ft. below the level of the supports, 
while it carries a load of 20 lbs. per horizontal foot. Deter- 
mine the tension in the cord at the lowest point and at the supports. 

74. Suppose a cord supported at (o, o), (30, --3), so that 
the lowest point has the ordinate —11. What is the greatest 
tension in the cord if it be subject to a load of 20 lbs. per hori- 
zontal foot ? 

75. A body weighing 100 lbs. is suspended by 'a single cord. 
A horizontal force of 20 lbs. applied to the body holds the cord 
at an angle with the vertical. Determine and the tension in 
the cord. 

76. A prop inclined 30° to the horizon is holding a block of 
stone upon a rough inclined plane. Suppose the inclination of the 
plane to be 50° and the weight of the stone to be 5000 lbs. and 
coefficient of friction =0.40, what is the pressure on the prop? 
(Cf. Weisbach's Mechanik, I, p. 328.) 

77. A uniform heavy beam AB, length = 2a, rests with one 
end, A, against the internal surface of a smooth hemispherical 
bowl of radius, r, while the other end overhangs the edge of the 
bowl. Find the position of equilibrium. 

Give answer by stating the angle at which the bar will be 
inclined to the horizon when it comes to rest. 

78. A fixed crane post is 20 ft. high, the stay is 20 ft. long, 
and the boom 32 ft. There are two backstays each 24 ft. long, 
intersecting in plan at a right angle. 

Find the stresses when lifting 10 tons, the plane of the boom 
and mast being midway between the stays. 

79. A pair of shear legs is 52 ft. high when upright, each 
leg being 60 ft. long, the back leg is 90 ft. long. The front legs 
swing aroimd pivots 3 ft. from the edge of the dock. Find the 
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Stress in each leg when a 20-toil boiler is supported over the 
center of a hatch of a vessel of 40 ft. beam, and close alongside 
the dock. 

80. Find the center of gravity of the section here shown 
(Fig. 49)- 

. ^:^-^ J c = I ^ inches. 



A=6 






Fig. 49. 



?^* «=45° 



81. A screw bolt is 2J in. diameter outside and 2.18 in. at the 
bottom of the thread. Pitch of thread J in. The eflFective out- 
side diameter of the nut is 3^ in., and the coefficient of friction 
0.15. Suppose a wrench 3 ft. long be used to set up the nut 
with a pull of 100 lbs. on the end. What is the tension on the 
boh? 

82. A derrick car (Fig. 50) has the following dimensions: 
AC =6, BC=6, CD =6, angle /J=45°; weight of car, engine, 




Fig. 50. 

and derrick = 2 tons. Center of gravity of these is midway 
between the wheels. Weight of boiler =3 tons, and its center 



■1 



APPENDIX 157 

ot gravity is directly over the rear wheels. The derrick mast 
is directly over the front wheels. What weight can be lifted 
without tipping the car, and what will be the 
compression in the boom? How would you 
increase the lifting capacity of the car in an 
emergency ? 

83. A wall derrick, ABC (Fig. 51), whose 
dimensions are ^S=8 ft., BC=6 ft., BE = i 
ft., AD ^2 ft., carries a weight of 10 tons on 

BC at a point 4 ft. from B. \Vhat is the " 

tension in BC and the force pulling out from ^"^- 5'- 

the wall at £? 

84. A string, BAC (Fig. 52), passes over two smooth pegs, 
B and C, and carries weights, W\=4, H^2=3, at the ends, as 
shown. What weight suspended from a point. A, on the string 
will make BAC a right angle? 




Fig. 52. 

85. A string of length / connects two pegs, whose horizontal 
distance apart is a and whose vertical distance is h. If a weight, 
W, is suspended from a smooth ring free to slide along the string, 
what will be the position of equilibrium ? 

Answer by stating the coordinates of the ring, taking the lower 
peg as the origin. 

86. A ladder resting on a horizontal floor is placed against 
a vertical wall and makes an angle of 60° with the floor. If the 
coefficient of friction against wall and floor be 0.25, how far cao 
a man climb up the ladder before it begins to slip ? Neglect 



the weight of the ladder. Length of ladder =/ and weight of 
man = W. 



87. A wall derrick is supported on the wall as shown {Fig. 53). 
Its dimensions are given. Find the longitudinal forces in all the 
members. 

88, The mean diameter of the threads of a ^-in. bolt is 0.45 in., 
the slope of the thread is 0.07, and the co- 
efficient of friction is 0.16. Find the tension 
in the boll when pulled up by a force of 
20 lbs. on the end of a wrench i ft, long, 
taking ij ins. as the effective diameter of the 

DUt. 



^ 



89. A boat davit (Fig. 54) is supported kj 
a footstep, A, and a collar, B, placed 5 ft. 
Fro. 54. apart in a vertical. A boat weighing 5 tons 

hangs 4 ft. horizontally from the vertical part of the davit. 
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What are th6 forces exerted on the davit by the ship at A 
and 5? 

In case the upper end of the davit be 8 ft. above the collar, 
and the boat be hoisted by a rope leading 30° from the hori- 
zontal with a tension of ij tons, what will be the forces at A 
and 5? 

90. A derrick, whose dimensions are given in the figure 
(Fig. 55), is employed to hoist a weighx 17 = 2000 lbs. The rope 
has a single lead from the hoisting drum and a double lead over 
the weight, the end of the rope being secured to the horizontal 
member. The horizontal member is secured to the upright by 
means of a pin in a vertical slot. Each sheave is i ft. in diameter. 
What are the longitudinal forces acting in (i) the upright, (2) 
the two struts, (3) the horizontal member? Will there be a 
horizontal reaction at the top of the upright? If so, how much 
and in what direction? Assume base of upright to be hinged. 




Fig. 55. 
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Note. — In Problems 91-105 inclusive, the structures shown tire to be assumed 
to be true frames, even though some of their members may be able to resist 
flexure if necessary, and the stresses required are the axial stresses only. Some 
of these frames, however, notably those of Figs. 56-58, 60 and 66, would usually 
be quite far from true frames as built, and the shear and flexure in some of their 
bars would quite outweigh the axial stress in practical importance. 

91. The roadway of a wagon bridge is supported by two 
king-post trusses, as shown (Fig. 56). Span 18 ft., rise 6. The 
load on each truss is 1200 lbs. per foot run. Find the stresses in 
all the members, assuming 10,800 lbs. to be the concentration at 
the foot of the vertical. 




Fig. 56. 



92. A bridge consists of two inverted king-post trusses with a 
roadway 20 ft. wide (Fig. 57). The span is 25 ft. and the length 
of the post is 8 ft. With a load of 150 lbs. per sq. ft. of floor, 
what is the stress in every member of the trusses? Take the 
concentration at the top of the vertical as 18,750 lbs. 




Fig. 57. 

93. The queen-post truss shown in the figure (Fig. 58) has a 
span of 30 ft. and a depth of 10 ft. The lower chord is divided 




Fig. 58. 
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into three equal parts. With a load of 12,000 lbs. at the lower 
end of each vertical, find the stresses in the members. 

94. A Fink roof-truss shown in the figure (Fig. 59) has a 
span =60 ft., with a depth at the center == 15 ft. The joints divide 
each top chord into four equal parts. A load of 7500 lbs. is placed 
on each joint of the top chord. Find the stresses in semi-tons 
in the bars P, Q, iJ, and 5. 




Fig. 59. 

95. A Fink bridge-truss (Fig. 60) has 8 panels, each 12J ft,, 
with a depth of 12 J ft. The load on the top chord is i ton per foot 
run. Find the stress in each member. 




Fig. 60. 

96. A Warren truss (Fig. 61) with vertical suspension rods 
to support the floor has 10 panels each 12 ft. in the lower chord. 
The depth is 16 ft. The load is 600 lbs. per foot run, and there 
are three concentrated loads, each 2000 lbs. at the points shown. 
Find the stresses in semi-tons in the members P, Q, i?, and 5. 




97. A Pratt truss (Fig. 62) has a span of 100 ft. with four 
equal panels. The depth is 20 ft. With a uniform load of 1000 
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lbs. per ft. run on the upper chord, find the stresses in semi-tons 
in the members P, Q, /?, 5, and T, 




Fig. 62. 

98. A Pratt truss (Fig. 63) is 150 ft. long and 20 ft. deep, with 
six equal panels. With a load of 3000 lbs. at each joint cf the 
lower chord, and one load of 5000 lbs. at the middle joint of the 
third panel, what are the stresses in semi-tons in the members 
P, Q, R, S, and T? 




Fig. 63. 

99. A Howe truss (Fig. 64) 150 ft. long and 20 ft. deep has 
six equal panels. A uniform load of 2000 lbs. per ft. run is car- 
ried on the lower chord. Find the stresses in semi-tons in the 
members P, Q, R, S, and T. 




Fig. 64. 



100. A Bollman truss (Fig. 65) 100 ft. long and 20 ft. deep, 
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with four equal panels, carries a load of 8 tons per ft. run on 
the upper chord. Find the stresses in all the members. 




Fig. 65 

loi. A roof -truss (Fig. 66) has a span of 50 ft. and a rise of 
10 ft. The lower chord is divided into five equal parts by the 
joints, and the web members form isosceles triangles. With a 
load of 900 lbs. per horizontal foot rim on the upper chord, and a 
concentrated load of 5000 lbs. at each of the two middle joints of 
the lower chord, find the stresses in semi-tons in the members 
g, R, S, and T. 




Fig. 66. 

102. A bow-String girder (Fig. 67) has six panels, each 15 ft., 
in the lower chord. The depths of the verticals are 8 ft., 12 ft., 
13 ft., 12 ft., 8 ft., respectively. The load on the lower chord is 
12 tons on each joint. Find the stresses in semi-tons in tlie 
members Q, -R, 5, and T. 




FXG. 67, 



103. A bow-string girder (Fig. 68) has six panels, each 10 ft., 
in the lower chord. The depths of the verticals are 5 ft., 8 ft., 
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9 ft., 8 ft., 5 ft., respectively. The load on the lower chord is 
1000 lbs. per ft. run. Find the stresses in semi-tons in the mem- 
bers Q, /?, 5, and T. 




Fio. 68. 

104. A Warren truss (Fig. 69) has four panels, 20 ft. each, 
and all members have the same length. If the members weigh 
20 lbs. per ft., and a weight of 5000 lbs. be carried at the second 
joint, what are the stresses in semi-tons in the members Q, iJ, 
and 5? 




Fig. 69. 

105. A Warren truss (Fig. 70) has three panels, each 20 ft., 
with a depth of 12 ft. The load is 1000 lbs. at the middle points 
of the two top chord-bars, as shown. Find the stresses in the 
members Q, R^ and S. 




Fig. 7a 



106. In order to open a chest, a man fastens the ends A and 
5 of a rope, AKK\B, to branches of two large trees, and fastens 
it by means of another rope, i^iC, to the cover of the chest. He 
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then applies his own weight at K, (See Weisbach's Mechanik, 
I, p. 288, for an entertaining cut.) 

If the inclination of AK to the horizontal is 10°, KKi is 
horizontal, the angle BKiC^iycPf KKiC^go^, and the man's 
weight is 80 kg., what is the force tending to raise the lid ? 

107. Two bars, AB and BC, are hinged together at B, and 
the ends A and C are each hinged to a rigid abutment. A, B, 
and C are at (o, o), (12, 12), and (18, 4), respectively. Vertical 
loads of 100 lbs. and 200 lbs. with the respective abscissas 6 
and 15 are supported by the system. Determine the pressures 
on the abutments at A and C, expressing the results in terms of 
horizontal and vertical components of each pressure. 

108. Structure similar to that of preceding problem. A, B, 
and C at (o, o), (6, 10), and (14, 16), respectively. A horizontal 
force of 100 towards the right has an ordinate of 6, and a verti- 
cally upward force of 100 has an abscissa of 10. Determine the 
reactions at A and C. 

109. A body rests on a horizontal plane with which its coeflS- 
cient of friction is 0.5. At what inclination must a force equal 
to the weight of the body be applied so that it may be on the 
point of moving the body? 

no. A loaded cart weighs 1720 lbs. If the horse can exert a 
pull not exceeding 90 lbs., how often must he cross a road 35 ft. 
wide in going up a slope 450 ft. long, rising i ft. in each 25 hori- 
zontal feet? Assume 40 lbs. as the frictional resistance on the 
reduced grade. 

III. A weight of 10 tons hangs from a point -4 by a chain 
20 ft. long. How much will the tension in this chain be increased 
if the weight be held 12 ft from the vertical through il by a hori- 
zontal force? 
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112. A Strings ABy is 30 in. long, and has a weight of 100 lbs. 
knotted to it at a point, C, 10 ins. from A, The ends A and B 
are then secured to two pegs at (o, o) and (22, 4), respectively. 
When the system has come to rest, what will be the position of 
C, and what will be the tensions in the two segments of the string? 



ANSWERS TO PRACTICE PROBLEMS. 



1. (a) 12.86 lbs. 


17. 


(b) 1 2.86 lbs. 


18. 


(c) 18.80 lbs. 


19. 


(d) 19.40 lbs. 


20. 


2. (a) +69.22 ft.-lbs. 


22. 


(b) -77.16 ft.-lbs. 




(c) +153.20 ft.-lbs. 




(d) +45.40 ft.-lbs. 


23. 


3. P cos a(yi—y2)'-'P sin a 


24. 


(^i-:x;2). 


25. 


5. (a) 89.6 lbs. 


26. 


(b) 9.0 lbs. 


27. 


(^) 99-5 • 




(d) Decrease (a) and (c) and 




increase (6). 


28. 


6. 3-2.3 lbs. 


29. 


7. (a) 26.9 lbs. 147° 26' 7.16, 0. 


30. 


(b) 26.9 lbs. 327® 26' 7.16, 0. 




8. —451.75 ft.-lbs. 


31. 


9. (a) 46.36 lbs. 


or 


(b) 18.73 lbs. 




10. 138 lbs. 297^ 54' -1.88, 0. 




11. +80.3; +59.2. 




12. +238.56. 


32. 


13. -18.88; -211.6. 


33. 


14. (a) 15.18. 




(6) 13.04. 


34. 


16. II.V3 lbs. 353° 10' 363.2, 0. 




16. (a) 123^41'. 




(6) 326° 19'. 




(c) 269^43'- 


35. 


id) 191° 19'. 




(e) 90° 0'. 


36. 


(/)27o<^ 0'. 




(g) oo 0'. 


37. 


(^) 288^ 26'. 





(o, —18) or (—27, o). 
500 lbs.; 300 lbs. 
20^ lbs. ; 54 J lbs. 

573-7 lbs. 

81.8 lbs.; 120.3 lbs. 
81.8 lbs. and 120.3 lbs., re- 
spectively; 350 lbs. 
270 lbs. 
2880 lbs. 

85.5 lbs.; 85.5 lbs.; 29 lbs. 
28 in. 

(a) 36 in. 

(b) 34.96 in. 

(c) 160 lbs. 
16 lbs.; 8 ft. 

769-3- 

30° to vertical; 11.55 lbs.; 

5.77 lbs. 

P=i638 lbs.; ^ = 1683 lbs. 

P = 10,800 lbs. ; Q = 1 1 ,050 lbs. 
according as the angle be- 
tween the planes is 35° or 

5°- 
4.62 lbs. ; 8 lbs. 

1 1 4. 1 lbs.; 240.0 lbs.; 114.1 

lbs. 
106.7 lbs. Increased, because 

the force has a shorter arm 

and must have the same 

moment. 
19.4 lbs.; 70*^ 54' to horizon; 

158 lbs. 
IF =6.6 lbs.; 10.7 lbs.; 16. i 

lbs. 
P=ii.7 lbs.; 12.6 lbs.; 25.2 

lbs. 
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38. 18.8 lbs. 50®; 6.8 lbs. 320**. 

39. 12.6 lbs. o®. 

9.4 lbs. 45*^. 
3.8 lbs. 120°. 
40* Couple of 150 ft.-lbs. 

41. 390 lbs.; 2iiolbs. 

42. 284 lbs. 

43. 15,645 ft.-lbs. 

44. |p»5;64loriginatO. 

46. 2 1. 1 ft. from left; 2500 lbs. 

47. 20 lbs.; 51 lbs. 168° 40'. 

48. 10 lbs, 

50. 240 ft. 

51. 48.28 lbs. 

52. V^:i. 

53.' At a distance from the base of 
the triangle equal to 0.262 
of the base. 

54. 27!^ ft. from the base. 

55. 3 1 ins. from the base. 

56. P=4i3.3lbs.; 1^=758.7 lbs. 

57. 465 lbs. 

58. Any force greater than 17 

tons. 

60. tan"i 1.43 (also 180°). 

61. tan""^ 1.33 (also 0°). 

62. (7, 2). 

63. If in. below, and f in. to right 

of center of 20-in. circle. 

64. 2f in. from center. 

65. -^. 

66. 26.6 ft 

67. iVJ. 

68. 544 (nearly). 

69. 1.39 lbs. 

71. 390 lbs. 

72. 5:^41- 

73. 281I lbs.; 411.2 lbs. 

74. 402 lbs. 

75. tan"H5 ^02 lbs. 

76. 2363 lbs. 



77. cos 



-h^MiT 



78. Boom 16 tons; stay 10 tons. 

Each back-stay 12.3 tons. 

79. Back leg 16.4 tons. Front 

legs 18.4 tons each. 

80. I.I I in. to right of, and 2.49 

in. above lower left comer. 

81. 7516 lbs 

82. 5.66 tons; 5.66 tors Put 

temporary prop under edge 
of car next to weight. 

83. 5 tons; 3.64 tons. 

84. 5. 



a 



(VP-^a^-b); 



85. x=- - , 

:y=-i(V/2^^-6). 

86. 0.47/. 

87. Hor. member at left of upper 
end of diag. 30/ tens. ; else- 
where zero. Diag. 32.5^ 
comp. Vert. 10^ comp. be- 
low lower end of diag., 
2.5/tens. above lower end of 

I diag. and below hor. mem- 

ber, above hor. member 
zero. 

88. 1391 lbs. 

89. At ^, 5 tons upward and*4 
tons hor. outward; 

At -B, 4 tons hor. inward; 

At ^, 5.6 tons upward and 2.8 

tons hor. outward; 
At -B, 1.69 hor. inward. 

90. (i) 3000 lbs. 

(2) 2458 J lbs. comp. in left 
strut. 

1291^ lbs. comp. in right 
strut. 

(3) 475 ^bs. tens, in left half. 
225 lbs. comp. in right half. 
Yes; 194^ lbs. toward the 

right. 

91. Vert., 10800 lbs. tens. 
Diags., each 9735 lbs. comp. 
Hor. members, each, 8ioo lbs. 

tens. 
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TO. Vert., 18,750 lbs. comp. 

Diags., each, 17,400 lbs. tens. 
Hor. memf^ers, each, 14,650 
lbs. comp. 

03. Verts., each, 12,000 lbs. tens. 
Diags., each, 16,970 lbs .comp. 
Upper hor. member, 12,000 

lbs. comp. 
Lower hor. members, each, 
12,000 lbs. tens. 

04. 51.9 comp., 7.5 tens., 15.0 

tens., 45.0 tens. 

95. First, third, fifth, and seventh 

verts., each, 12.5/ comp. 
Second and sixth verts., each, 

25/ comp. 
Fourth vert., 50/ comp. 
Shortest diags., each, 8.8/ 

tens. 
Medium diags., each, 28.0/ 

tens. 
Longest diags., each, 103.1/ 

tens. 
Hor. members, each, 131.3/ 

comp. 

96. 71.4 comp., 4.75 comp., 74.25 

tens., 9.2 tens. 

97. 46.9 comp., 37.5 comp., 46.9 

tens, 20.0 tens., 25.0 comp. 

98. 22.3 comp., 1.9 comp., 22.3 

tens., 3.1 tens., zero- 



99. 250 comp., 75 tens., 4ocomp.,. 

281.3 tens., 50 tens. 

100. Verts., each, 200/ comp. 
Shortest diags., each, 240/ 

tens. 
Medium diags., each, 194/: 

tens. 
Longest diags., each, 270/ 

tens. 
Hor. members, each, 6 5.0/ 

comp. 
48.3 comp., 14.9 tens., ii.o 

comp., 51.^ fens. 
60.0 comp., 3.1 comp., 62.3 

tens., 10.2 tens. 
50.2 comp., zero, 50 o tens^ 

lo.o tens. 
4.1 comp., 2.8 comp., 5.5 

tens. 
1250 lbs. comp., 217 jbs. 

comp., 1389 lbs. tens. 
2576 kg. 
rfl'^=64.3«-;^^'-ii4.3 i 1 

l^c'=64.3->; ^c=- 185.7 i J 

l^e=54iV-;^c=9c>HiJ 
-36'' 52' (also 90°). 
12.13 times. 
3.5 tons. 

Cwillbeat(6, -8); 8olbs. 
in AC\ 60 lbs. in BC. 



101. 

103. 

104. 

105. 

106. 
107. 

108. 

109. 
110. 
111. 
112. 
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PROBLEM. — Determine the Equilibrant of the following set of forces: (20] 

What is the Resultant of the set? 

GRAPHIC SOLUTION 




E A 18 THE REQUIRED 
EQUiUBRANT. 



«/«.i^ i X in. ■- 15 units of length 
^•*^liin.-3olb«. 



/ / 



PLATE I 



E 1 

>s. 45° o»o). (15 lbs- 90'' 13.0). (3olt>s. 60** 7,0), and (25 lbs. 315® 30,0). 



ALGEBRAIC SOLUTION 

Let (E a x,y) be the force sought, then 
For no change in translation: 

.707 o .500 .707 

Ax'. E cos a + 20 cos 45*^ + 15 cos 90^ + 30 cos 60° -f 25 cos ^i^'^ ^o 

+ 14.14 o +15.00 +17.68 

E cos a— —46.82 

.707 1. 00 .866 —-707 

Ay : E sin a + 20 sin 45® + 15 sin 90° H- 30 sin 60° -H 25 sin 3 1 5° =0 

+ 14.14 +15.00 +25.98 —17.68 

E sina= -37.44 

E sin a —37.44 

tan a = *, = — ^f-^- = 800 

is cos a —46.82 



a = 2i8° 40' 

— .'^7.44 

^ 59-9 



E=. ^;'''^'^*«_ -37-44 



sm a —.625 

For no change in rotation : 

Taking a point on the X-axis for the point of application ofE,y becomes 
zero and x is determined as follows: 

B:E cos ax y — B sina x x-\- 20 cos 4$^ x o — 20 5tn45** x + 15^^590 x o 

o +37.44* o o o 

15.00 25.98 — 17/68 

• I55»n9o®xi3+3o<^<^*6o**xo--305tn6o**x7 + 25co53i5**xo-a5^***3^5 X30-® 
— 195.00 o — X81.86 o +530-40 

^_ -153-54 

X = — 4.10 

37-44 



RESULTS 



Algebraic Graphic 

Equilibrant (59.9 lbs. 218* 40' -4.10,0) Equilibrant (59.9 lbs. 218^ 40' -4.1,0) 
Resultant (59.9 lbs. 38*^40' -4.10,0) Resultant (59.9 lbs. 38 40 -4.i»o) 



1 k I / .V 



• .A 



» X " . ' 



' '. ' 



\<' 



V, 



v.^ 



^' 



V. 



•— srf . . i 



SOLUTION OF EXERCISE 7, p. 39 



GRAPHIC SOLUTION 




Expressed as a single force the result of either solution is (o, indeterminate, ati 
the couple in this particular case is shown Graphically by the product of the common r 
Algebraically by the moment of E, as shown by the J5-equation. 



Scales 



f I in. = 5 ft. 
\ I in. = 30 lbs. 



PLATE ir 



t.-lbs. 



> 



ALGEBRAIC SOLUTION 

Let (£ a Xyy)he the force sought, then 
For no change in translation: 

.866 -.866 o 

Ax:' E COS a -h 50 COS 330° + 50 cos 210® -f- 50 co5 90°^ o 
43 30 -43.30 o 

Ecos a'^o 

— . 500 — . 500 1 . 00 

Ay: E sin «+ 50 sin 330**+ 50 sin 210®+ 50 sin 90® «o 

— as. 00 —as. 00 +SO.00 

Esin a=o 



Estna o , • • j . 

tan a— = »»— , i.e., a is indeterminaie. 

E cos a o 



_ E sin a 



sin a indeterminate 



For no change in rotation: 

— 25.00 
B: EcosaXy—Esin aX^c-f- 50 co5 330X0—50 Jtw 330X— 6 

o — 150 

— 43.30 —50.00 

B -f 50 cos 2io**X 2— 50 sin 2io®Xo+ 50 cos 90X0— 50 sin 90®X8«=o 

— 86 . 60 o o " — 400 



/ Ecos aXy— Esin aXx*^ 6^6.60 

Assuming X'^o, 
636.60 (^36.60 

y = — -> —00 

E cos a o 

infinity), which is simply another way of saying the result is a couple. The value of 
. magnitude 100 of OA and OD by the perpendicular distance between oa and od; 

RESULTS 

Algebraic Graphic 

Equilibrant is a couple, 636.6 ft.-lbs. Equilibrant is a couple, 640 ft.-lbs. 
Resultant is a couple, —636.6 ft.-lbs. Resultant is a couple, —640 ft.-lbs. 
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Case 



PROBLEM. — In the following set of forces in equilibrium, (20 lbs. 100° 0,0), 
determine the unknowni. 



GRAPHIC SOLUTION 




NO COUPLE BEINQ POSSIBLE, THE STRING POLYGON IS SUPERFLUOUS 




Scale I in. e= 30 (bs. 



Q-DE P-EA 



PLATE III. 



(15 lbs. 150** 0,0), (P — ? or 0,0), (10 lbs. 340° 0,0), and (Q = ? or 0,0), 

240*^ 



o 260° 



ALGEBRAIC SOLUTION 

— .174 —.866 500 .940 .174 

Ax: 20 cos 100° + 15 COS 150® +P COS 60° + 10 cos 340° +Q <^^s 80° =0 

— 3.48 —12.99 -fo-SooP +940 +0.1 74(2 
.S00P + . 174(3=7.07 

.985 .500 .866 —.342 '9^S 

Ay'. 20 stn 100° + 15 sin 150° -fP sin 60° 4- 10 sin 340° +Q sin 80® «o 
+ 19.70 +i.$o +0.866P —3-42 -»-o.985(? 

.866 P + . 985 G --23.78 

P— 32.2 =(32.2 60°) 

2- -52.6 = (52.6 360**^ 

B : No couple being possible, the equation of moments is superfluous 



RESULTS 

Algebraic Graphic 

P-=(32.2lbs. 60") P*=(32.3lbs. 60°) 

Q«(52.6 1bs. 260°) = (52. 5 lbs. 260°) 
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PROBLEM — In the following set of forces in equilibrium, (20 lbs. 270^ 4,0) 
determine the unknowns. 



GRAPHIC SOLUTION 




Scales 



) T in. = 
f I in. = 



1 5 units of length 
15 lbs 




P»EA Q-0? 



PLATE IV: 



E 


2b. 


p 


oo' go® 
= ? or 0,0), (10 lbs. 90^8,0), (16 lbs. 370^14,0), and (0 — ? or 19,0), 

270** 370® 




ALGEBRAIC SOLUTION 




SoJution by Az. Ay, and B. 




a 
Ax. 20 Ci?5 270® +P t-05 90** + JO C05 90*4-16 COS 270° +Q C^5 90®= 
O O o 




— lo lo ro ~io •. o 

Ay-. 20 sin 270**+/* sin 90^ + 10 sin 90**+ 16 sin 270^+0 stn 90° =0 

— aoo +P +100 - j6 +Jj 




p + (2=-26o 



— ao o 

J5: 20 cos 27o®Xo — 20 5m 270^X4+ Pco5 9o''Xo -P.y*« 9o°Xo + ioco5 90*0 

o +8o o o o 

10 o — t6.o t o 

— 10 si»9o°X 8 + 16 C05 270^X0 — 16 5tn270°Xi4+G cos 90^X0— gsinoo^X 19 

— 800 O 4-334.0 O "~lW 

— 196 = -2^4.0 
G- II.8 

By Ay, 

P « 26.0 — G «= 26.0 — 1 1 .8 

P-«i4.2 



Alternative form of the preceding using moments alone. 
Center of moments at (0.0) 

So - 80 324 

PXo + 2oX4-roX8+i6Xi4+GXi9-0 



G 



— 224 

19 



«~iT,8-(ri 8 90°) 



Center of moments at (19.0) 



— 7CO 



no 



-80 



P X 1 9 - 20 X r 5 -H 10 X 1 1 - 16 X 5 4-0 Xo -o 

P«-^ = 14.2 ■» (14.2 90^) 
19 

Check by Ay: 

14.2 —20 4-10 — I 6 -HI I 8—0 



RESULTS 



P 

G 



Algebraic 
(14.2 )bs. 90'') 
(11.8 lbs. 90*) 



Graphic 
P = (i4.2 lbs. 90*) 
G=>(ir.8 1bs. 90*») 



w • • 



c: f J. ' ) 



» I 



» I 



• I . » 



' I : t •• ;. 



•■'.'.•: J 



• -• , » r 



I 



^ ^.T» 



L .^ 



r' 



•- . , 



r 



•' ■ -' ft' 

'•14 



\ 



\ 



\' 



V 



J o * 



CA 



PROBLEM. — In the following set of forces in equilibrium, (^"^ ? a — ? 0,0), 
mine the unknowns. 

GRAPHIC SOLUTION 




Scales j'in^^^mJ*"''^^^"^^ 
( I m. "-30 Ids. 



P«EA) Q=DE 



PLATE V. 



E 3. 



60 



to lbs, 120® a3»«>). (G*= ? or 40,0), (20 lbs. 75® 15, o). and (30 lbs. 60° 5,0) deter- 



240 



ALGEBRAIC SOLUTION 



Center of moments at the point of application of the force which is other- 
wise unknown, which, in this problem, is the point (0,0), 

.866 

B: P cos aXo—P sin aXo + 10 cos 120^X0 — 10 sin i2o°X2$+Q cos 60° Xo 

00 O — IQQ.lS O 

.866 .966 

— Qsin6o°X40 + 2o COS 7$°Xo— 20 siny$°Xis + socos6o^Xo-'$osin6o^X5 —o 

— 34..64Q o —289.80 o —129.90 

— 34.64(2=618.88 

Q = _i7.9 = (i7.9 240**) 

Using this value of Q in the next two equations, 

— .500 17.9 ^'?P° '^SQ 'Soo 

Atel P cos a + I o cos 1 20® + Q cos 240° + 20 cos 75^ + 30 cos 60® —o 

— 5.00 —8.8s +5.18 +15.00 

P COS a== —6.23 

.866 17.9 . —,866 ,966 .866 

Ayi P sin a + I o sin 1 20** + Q ^i'^^ 240° + 20 sin 75** + 30 sin 60^ — o 

+ 8.66 —15-50 +19-32 +35.98 

P sin a— =38.46 

P sin a —38.46 



tan a — 



P cos a — 6.23 
a =260° 48' 



=6.17 



cos a —.160 



38.9 



RESULTS 



Algebraic 
P - (38.9 lbs. 260° 48') 
Q-i (17.9 lbs. 240°) 



Graphic 

P= (38.9 lbs. 261°) 
Q« (17. 9 lbs. 240°) 
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PROBLEM. — In the following set of forces in equilibrium, (15 lbs. 



I2w 



.ind (R or 30,0). determine P, (?, and i?. 



300' 



GRAPHIC SOLUTION 





Scales 



P-DE 

j I in. a= 1 5 units of length 
"^ I in. ^y-S lbs. 



Q-FA R-EF 



PLATE VI. 



'E 4. 



150® 30° 

5° 0,0), (P or 10,0), (20 lbs. 90° 21,0), Q or 50,0), (8 lbs. 240^35,0), 

330*" a 10° 



ALGEBRAIC SOLUTION 

Solution by Ax, Ay, and B. 

.707 — 866 o .866 —.500 — 500 

15 COS 315° +P COS 150^ + 20 COS 90° + C05 30° + 8 COS 240°+/? COS 120° 

10.61 — 0.866P o +0 866(7 —4.00 —0.50/? 



-o.866P + o.866Q--o.5oi^ = -6.6i 



— .707 .500 100 .500 —.866 866 

1 5 sin 3 1 5° +P sin 1 50° + 20 sin 90° + Q sin 30° + 8 sin 240° -\-R sin 120° 

— 10.61 +0 5P +20.00 +0.50J2 —6.93 +0.866/? 

0.50P +0.50(3 +0.866^ « -2.46 



Center of Moments at (0,0) o.soP 

B\ 15 cos 3i5°xo-i5 sin ^i^^x^-^Pcos i$o°xo-Psin i5o°xio + 2o cos 90^x0 

00 o +50.P o 

ao.oo o.SoQ ~~6.93 

— 205tn9o®x2i+Gc£>5 3o°xo-Q -y^w 30^x50 + 8 COS 24o°xo--8 sin 240^x35 

— 420.00 o — 25.00Q o +242.55 

.866/? 

+R COS i2o°Xo— K sin 120^X30 =0 

o —25.98/? 

— 5.ooP-2S.ooG-25.98i^ =177.45 



Combining the three equations, A*, Ay, and B it appears that 

P=+6.82-(6.82 150*"); Q- -3-54 = (3-54 210°) ; i? = -4-73 =(4-73 300'') 

Alternative form of the preceding, using moments alone : 

To find P, take center of moments at (x^^y^), the intersection of Q and R. 

Then since 

>' — .577ic= —-28.87 and >'+i. 732^ = 51. 96 

are the equations of the lines of action of Q and R respectively, it appears that 

^i=35-o ^^^ >'i=— 8.66. 
Center of Moments at (35.0,-8.66), transforming co-ordinates: 

.707 —-707 —.866 .500 

15(8.66 COS 315° 35 sin 315°) +P(8.66 cos 150° 25 sin 150°) 

+ 6.12 —24-75 —750 +12.50 

o 1. 00 —.500 —.866 

+ 20(8.66 cos go° 14.5m 90°) +8(8.66 cos 240°—© sin 240®) +QXo 

o 14.00 —4 33 o 

+i?Xo=o 

5.0P =279.45 —280.00 + 34.64=34.09. Whence P« +6.82 =(6.82 150®) 
To find Q, take center of moments at intersection of P and R and proceed 

as for P. 

Similarly, to find R, take center of moments at the intersection P and Q. 
In practical cases the algebraic work usually proves much simpler than 
for the general case used in this Plate. See Plate V. 

RESULTS 

Algebraic Graphic 

P=(6.82lbs. 150°) P = (6.8 1bs. 150°) 

= (3. 54 lbs. 210°) Q = (3.6 lbs. 210°) 

i? -(4.73 lbs. 300°) i^ =(4.7 lbs. 300*) 
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CASE 4 


(secoi 


PROBLEM— A body 
are known in line of actio 


n the shape of an isoscetes trianf>le 
1 only. Determine P, Q. and R. 

GRAPHIC SOLXTTION 


base ao feet, altitude 1 










/\^ 


<^/^ 






/^^ 


> 






"^\ 


..^ 


B 


- . (tin.-9 ft. 
^^''^''li in. -300 lbs. 


P-DE Q-EA R-CD 





PLATE VII. 



i example). 

feet, is in equilibrium under the action of the forces shown; of these P, Q. ai^^ ^ 



ALGEBRAIC SOLUTION 



Center of moments at intersection of P and Q 
RX15 +6ooXio-65oX2o+PXo-f(3Xo-=o 



R^- 



6000 13000 

600X10—650X20 7000 



15 



15 



-+466.67= (466.67 180®) 



Center of moments at intersection of Q and R 
PX15 cos 26" 34»-f 600X10 --650X20 4 QXo+-RXo«o 

6000 I 3000 

^ 600X10—6^0X20 7000 / „ A'\ 

P= ^ . = --^-^=-—522.0 « (522.0 333° 26) 

15 X. 894 13-41 

13.41 



Center of moments at intersection of P and R 
QX 30 -^00X20 +650X10 +PXo+RXo=o 

2000 6500 



Q 



600X20—650X10 5500 



30 



30 



+ 183.33 =(183,33 90°) 



RESULTS 



Algebraic 

P-= (522.0 lbs. 333*26') 

Q = (183.3 lbs. 90* o') 

i?-= (466.7 lbs. 180° o') 



Graphic 
P« (522 lbs. 330*26') 
0- (183 lbs. 90** o') 
7? -(467 lbs. iSo° o') 
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SOLUTION OF EXERCISE l8, p. 9I. 



STRESSES IN A NON( 



Assume the axis of X coincident with the center of gravity aads of the beam. 




Scales I I 5n.«^2o lbs. 



PLATE Vm 



lAMED STRUCTURE. 




^-»»o 



61.5 X 2.95 =181.4 ft. lbs. 







RESULTS 
Axial Stress= 60.8 lbs. Compression 
Shear =11.0 lbs. Negative 

Flexure =181.4 ft. lbs. Positive 



The results are, of course, identical whether obtained from 
the resultant of dby be, and cdt or from the resultant of de and ea. 
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SOLUTION OF EXERCISE 19. P-93- 



CONSTRUCTION AND INTERPl 




PLATE DC 



TATION OF FLEXURE DIAGRAM. 



B460* 



B 

/T" 



y 



I 



A~~"*" 



*: 



_..i-. 



Center at Right End. 
900 X 24 = 21,600 
600 X 20= 12,000 
1800 X 12 = 21,600 
1200 X 5=__6ooo_ 
i2i X 30=61,200 
i2^= 2040 I 

Center at Left End. 

1 200 X 25 =30,000 

1800 X 18 =32,400 

600 X 10 = 6000 

900 X 6= 5400 

i^a X 30= 73»8oo 

12, = 2460 I 

Check: 2040 -|- 2460 = 4500 = S TT 



Determination and Statement of Results. 



.1 

CO 


ALGEBRAIC 


GRAPHIC 


lbs. 


a 

ft. 


ft. lbs. 


-Pa 
ft. lbs. 


If 

ft. lbs. 


ft. 


lbs. 


— Hy 

ft. lbs. 


8' 


2040 
-900 


8 

2 


16,320 


1800 


+14*520 


4.9 


3000 


+ 14,700 


12' 


2040 
-600 
—900 


12 

2 
6 


24480 


1200 
5400 


+17,880 


6.0 


3000 


-+18,000 


18' 


2460 
-1200 


12 

7 


29,520 


8400 


+21,120 


7-1 


3000 


21,300 


30' 


2460 
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SOLUTION OF EXERCISE 20, p. 95. DIAGRAMS OF SHEAl 

,a^ (ft) 




Case 


Total Load ^ 
lbs. 


a 


IW> 


b 


100 , 


e 


lOO 1 


d 


100 



il 



'^ 



lliii.ll 



AND OF FLEXURE 
(C) 



lax. Shear 
lbs. 


Max. 

Flexure 


-.00 




-100 


-500 


±50 


+ ^S° 


±50 


+ 115 



1 28.8* 



f 

•al t 



r^ 



i t 
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SOLUTION OF EXERCISE 2^, p. II4. 



ANALYSIS OF .^ 



1* «-'™»l*— 40-'- 



M. 



(^-1« 



, • >") • ■ ' • ,o>>vv^'^,'>y.'^"y>,"f'"y'^ ■ 



5000 X 10+ 2000 9X 
40 




1 
I 

r 
I 
1 
1 



*,' '^}>> 



= 747-1 J 



5000 K 10 +2000 « 



^loMOS =2535.1" 



Check: 2535.L— 747.L — 17 



Scale: I in«= 20 ft. 




1000' 



,1000 



St 



ffiO 



5000' 



I 

I- 

I 

^4> 



a 






d 



747.1 



^ 



W2 


/ 


^^ 


8841 ^ 


/ 


n 


^..-'""P 


C 






> 


^^11783 






2,536.1 


i-^" 






2017 



I 
I 
I 
I 

i_ 






5000x5— 2947 X 15 



19205 



= 3841 



^3 = 



5 5 

5000 X 10—2947x20 ^ 8940 ___ J gg 

5 "5 

Check: 3841+2947=6788=5000+1788 

i94721il^g3 
5 ^ 

2947X20^^ 33^ 

5 

Check: 8841 + 2947=11,788 



Scale: i in.«i3-5- ft. 
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PLATE XI 



MILL BUILDING BENT. 



4- $000 = 2947 -*- 

1788 
a X 27.5— 2000 00s a X 25 



« X 15+2000 «in-aX27.5" 



I = 2000 cos « 



To find Q (center at Mq) 
-20 §-.5ooox5+iox747.i+_2947X i5=0 
-20 Q=— 26,976 te ©=1348-8 I 

To find i^ (center at -f- 2(g) /5»ean'* 1 = 45" 
^X30 «w/3+2947x 15+2535.IX 10=4 
21.21 5'=-69,556, ^e ^$'=3279.4/ 

To find B (center at Mg) 

„ „ 69,556 ^ 26,976 1.1 18 

30 y^-i^xjo «in/9 + 20 Q + loocx^o .»eo«=0 

30 i2=20,220 iCy i2=674i 
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Scale: I in. = 4000 lbs 



»47 



RESULTS 

Algebraic 
Q =1348.8 tension 

Jl^ 674.0 compression 



Graphic 
^=1350 lbs. tension 

jB = 67 5_ lbs compression 
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SOLUTION OF EXERCISE 31, p.I22. 



HAMMER! 




iw X 2 +Wxi 



Tr=iooolbs. 



Thrust =1,500 lbs. i 



V=4W 



PLATE XII 



:am truss. 



1.5 w 



IS. 



FN 




Scale: i in. »» 2000 lbs. 
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SHORT-TITLE CATALOGUE 

OF THE 

PUBLICATIONS 

OF 

JOHN WILEY & SONS, 

New York. 
Londok: chapman & HALL, Limterd. 



ARRANGED UNDER SUBJECTS. 



Descriptive circulars sent on application. Books marked ^ith an asterisk (*) are sold 
at net prices only. AH books are bound in cloth unless otherwise stated. 



AGRICULTURE— HORTICULTURE— FORESTRY. 

Armsby's Principles of Animal Nutrition 8vo, $4 00 

Budd and Hansen's American Horticultural Manual: 

Part L Propagation, Culture, and Improvement i2mo, i 50 

Part II. Systematic Pomology i2mo, i 50 

Elliott's Engineering for Land Drainage i2mo, i 50 

Practical Farm Drainage 2d Edition, Rewritten . x2mo. i 50 

Graves's Forest Mensuration 8vo, 4 00 

Green's Principles of American Forestry . i2mo, i 50 

Grotenfelt's Principles of Modern Dairy Practice. (WoU) z2mo, 2 00 

* Herrick's Denature^d or Industrial Alcohol 8vo, 4 00 

Kemp and Waugh's Landscape Gardening. New Edition, Rewritten. (In 

Preparation.) 

* McKay and Larsen's Principles and Practice of Butter-making . .\ . . . .Svo, i 50 

Maynard's Landscape Gardening as Applied to Home Decoration z2mo, i 50 

Quaintance and Scott's Insects and Disea&es of Fruits. (In Preparation). 

Sanderson's Insects Injurious to Staple Crops z2mo, i 50 

* Schwarz's Longleaf Pine in Virgin Forests z2mo, x 25 

Stockbridge's Rocks and Soils Svo, 2 50 

Winton's Microscopy of Vegetable Foods Svo, 7 50 

Well's Handbook for Farmers and Dair3nnen z6md, z 5a 

ARCHITECTURE. 

Baldwin's Steam Haating for Buildings zamo, 2 5:> 

Berg's Buildings and Structtires of American Railroads 4to, s 00 

Birkmire's Architectural Iron and SteeL Svo, 3 50 

Compound Riveted Girders as Applied in Buildings Svo, 2 00 

Planning and Construction of American Theatres Svo, 3 00 

Planning and Construction of High Office Buildings. Svo, 3 50 

Skeleton Construction in Buildings Svo, 3 00 

Briggs's Modem American School Buildings Svo, 4 00 

Byrne's Inspection of Material and Wormanship Employed in Construction. 

z6mo, 3 00 

Carpenter's Heating and Ventilating of Buildings Svo, 4 00 

* Corthell'8 Allowable Pressure on Deep Foundations z2mob z 25 

1 



3 50 


a 


50 


a 


50 


z 


00 


3 


00 


z 


50 


z 


SO 


a 


50 


2 


00 


2 


00 


5 


00 


2 


00 


4 


00 


5 


00 


4 


00 


5 


00 


7 


50 


2 


00 


4 


00 



VktltiC't Architectunl Engineering. 8to 

Fireproofing of Steel Buildings. 8to« 

French and Ives's Stereotomy. 8to, 

Gerhard's Guide to Sanitary House-Inspection. z6mo» 

* Modem Baths and Bath HousM 8to, 

Sanitation of Public BuOdlngi z2mo. 

Theatre Fires and Panics. i2mo, 

Holley and Ladd's Analysis of Mixed Paints, Color Pigments, and Varnishes 

Large z2mo« 

Johnson's Statics by Algebndc and Graphic Methods Svo, 

Kellaways How to Lay Out Suburban Home Grounds 8vb, 

Kidder's Architects' and Builders' Pocket-book z6mo, mor. 

Maire's Modem Pigments and *heir Vehicles z2mo, 

Merrill's Non-metallic Minerals: Their Occurrence and Uses 8to, 

Stones for Building and Decoration. Syo, 

Monckton's Stair-building 4to, 

Patton's Practical Treatise on Foundations. 8vo, 

Peabody's Naval Architecture 8vo, 

Rice's Concrete-block Manufacture 8yo, 

Richey's Handbook for Superintendents of Construction. i6mo, mor. 

* Building Mechanics' Ready Reference Book: 

* Building Foreman's Pocket Book and Ready Reference. (In 

Preparation.) 

* Carpenters' and Woodworkers' Edition i6mo, mor. i 50 

* Cement Workers and Plasterer's Edition i6mo, mor. i 50 

* Plumbers', Steam-Filters', and Tinners' Edition i6mo, mor. i 50 

* Stone- and Brick-masons' Edition i6mo, mor. i 50 

SaUn's Hotise Painting irmo, i 00 

Industrial and Artistic Technology of Paints and Varnish 8vo, 3 00 

Siebert and Biggin's Modem Stone-cutting and Masonry Svo, i 50 

Snow's Principal Species of Wood % Svo, 3 50 

Towne's Locks and Builders' Hardware z8mo, mor. 3 00 

Wait's Engineering and Architectural Jurisprudence Svo, 6 00 

Sheep, 6 50 

Law of Contracts Svo, 3 00 

Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture - • '. Svo, 5 00 

Sheep, u 50 

Wilson's Air Conditioning Z2mo, z s*" 

Worcester and Atkinson's Small Hospitals, Establishment and Maintenance, 
Suggestions for Hospital Architecture, with Plans for a SmaU Hospital. 

z2mo, z 25 

ARMY AND NAVY. 

Bemadou's Smokeless Powder, Nitro-cellulose, and the Theory of the Cellulose 

Molecule z2mo. 

Chase's Art of Pattern Making z2mo. 

Screw Propellers and Marine Propulsion 8vo, 

Cloke's Enlisted Specialist's Examiner. (In Press.) 

Gunner's Examiner Svo, 

Craig's Azimuth 4to, 

Crehore and Squier's Polarizing Photo-chronograph Svo, 

* Davis's Elements of Law gvoj 

* Treatise on the Military Law of United States. 8vo, 

^eep, 
De Brack's Cavalry Outpost Duties. (Carr) 24mo, mor. 

* Dudley's Military Law and the Procedure of Courts-martiaL . . Large z2mo, 
Dnrand's Resistance and Propulsion of Ships. Svo, 
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* Dyer's Handbook of Light Artillery. lamo, 

Eissler's Modern High Explosives 8vo, 

* Flebeger's Text-book on Field Fortification Large lamo, 

Hamilton and Bond's The Gunner's Catechism x8mo, 

* Hoff 's Elei lentary Naval Tactics 8vo, 

Ingalls's Handbook of Problems in Direct Fire : 8vo, 

* Lissak's Ordnance and Gunnery 8vo, 

* Ludlow's Logarithmic and Trigonometric Tables 8vo, 

* Lyons's Treatise on Electromagnetic Phenomena. Vols. I. and II.. 8vo, each, 

* Mahan's Permanent Fortifications. (Mercur) 8vo, half mor. 

Manual for Courts-martial z6mo, mor. 

* Mercur's Attack of Fortified Places zamo, 

* Elements of the Art of War 8vo, 

Metcalf's Cost of Manufactures — And the Administration of Workshops. .8vo, 

Nixon's Adjutants' ManuaL 24mo, 

Peabody's Naval Architecture 8vo, 

* Phelps's Practical Marine Surveying 8vo, 

Putnam's Nautical Charts. (In Press.) 

Sharpe's Art of Subsisting Armies in War i8mo, mor. i 50 

* Tupes and Poole's Manual of Bayonet Exercises and Musketry Fencing. 

24mo, leather, 50 

* Weaver's Military Explosives 8vo, 3 00 

WoodhuU's Notes on Military Hygiene zOmo, z 50 



ASSAYING. 

Betts's Lead Refinmg by Electrolysis 8vo, 4 00 

Fletcher's Practical Instructions in Quantitative Assaying with the Blowpipe. 

i6mo, mor. 

Furman's Manual of Practical Assaying 8vo, 

Lodge's Notes on Assaying and Metallurgical Laboratory Experiments. . . .8vo, 

Low's Technical Methods of Ore Analysis 8vo, 

Miller's Cyanide Process limo. 

Manual of Assaying x2mo, 

Minet's Production of Aluminum and its Industrial Use. (Waldo) i2mo, 

O'DriscoU's Notes on the Treatment of Gold Ores 8vo, 

Ricketts and Miller's Notes on Assaying 8vo, 

Robine and Lenglen's Cyanide Industry. (Le Clerc) Svo, 

Hike's Modern Electrolytic Copper Refining 8vo, 

Wilson's Chlorination Process x2mo, 

Cyanide Processes < zamo. 



ASTRONOMY. 

Comstock's Field Astronomy for Engineers Svo, 2 50 

Craig's Azimuth 4to, 3 50 

Crandall's Text-book on Geodesy and Least Squares Svo, 3 00 

Doolittle's Treatise on Practical Astronomy. Svo, 4 00 

Gore's Elements of Geodesy Svo, 2 50 

Hayford's Text-book of Geodetic Astronomy Svo, 3 00 

Merriman's Elements of Precise Surveying and Geodesy Svo, 2 50 

* Michie and Harlow's Practical Astronomy Svo, 3 00 

Rust's Ex-meridian Altitude, Azimuth and Star-Finding Tables. (In Press.) 

* White's Elements^f Theoretical and Descriptive Astronomy zamo, a 00 
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CHEMISTRY. 

^ AMerhalden'8 Phyiiological Chemistry in Thirty Lectures. (Hall and Defren) 

8yo, 5 oo 

* Abegg'8 Theory of Electrolytic Dissociation, (von Ende) i3mo, i 25 

Alezeyeff':: General Principles of Organic Syntheses. (ILttthews) 8vo, 3 00 

Allen's Tables for iron Analysis 8yo, 3 00 

Arnold's Compendium of Chemistry. (Mandel) Large i2mo, 3 50 

Association of State and Rational Food and Dairy Departments, Hartford, 

Meeting, 1906 8vo, 3 00 

Jamestown Meeting, 1907 8vo, 3 00 

Austen's Notes for Chemical Students z2mo, i 50 

Baskenrille's Chemical Elements. (In Preparation.) 

Bernadou's Smokeless Powder. — Ilitro-cellulose, and Theory of the Cellulose 

Molecule i2mo, 2 50 

* Blanchard's Synthetic Inorganic Chemistry. i2nio, z co 

* Browning's Introduction to the Rarer Elements 8vo, i 50 

Brush and Penfield's Manual of Determinative Mineralogy 8vo, 4 00 

* Claassen's Beet-sugar Manufacture. (Hall and Rolfe) 8vo, 3 00 

Classen's Quantitative Chemical Analysis by Electrolysis. (Boltwood). . .Svo, 3 00 

Cohn's Indicators and Test-papers i2mo, 2 00 

Tests and Reagents Svo, 3 00 

* Danntel's Electrochemistry. (Merriam). z2mo, i 25 

Duhem's Thermodsmamics and Chemistry. (Burgess) Svo, 4 00 

Eakle's Mineral Tables for the Determination of Minerals by their Physical 

Properties Svo, i 25 

Eissler's Modem High Explosives Svo, 4 00 

Effront's Enzymes and their Applications. (Prescott) Svo^ 3 00 

Erdmann's Introduction to Chemical Preparations. (Dunlap) i2mo, i 25 

* Fischer's Physiology of Alimentation Large i2mo, 2 00 

Fletcher's Practical Instructions in Quantitative Assaying with the Blowpipe. 

i2mo, mor. z 50 

Fowler's Sewage Works Analjrses i2mo, 2 00 

Fresenius's Manual of QuaUtative Chemical Analysis. ( Wells ^ Svo, 5 00 

Manual of Qualitative Chemical Analysis. Part I. Descriptive. (Wells) Svo, 3 00 

Quantitative Chemical Analysis. (Cobn) 2 vols Svo, Z2 50 

When Sold Separately, VoL I, $6. Vol II. S8. 

Fuertes's Water and Public Health '. . z2mo, z 50 

Furmaa's Manual of Practical Assaying. Svo, 3 00 

* Getman's Exercises in Phjrsical Chemistry z2mo, 2 00 

Gill's Gas and Fuel Analysis for Engineers. z2mo, z 25 

* Gooch and Browning's Outlines of Qualitative Chemical Analysis. 

Large i2mo, z 25 

Grotenfelt's Principles of Modem Dairy Practice. (Woll) i2mo, 2 00 

Groth's Introduction to Chemical Crystallography (Marshall) z2mo, z 25 

Hammarsten's Text-book of Physiological Chemistry. (Mandel) Svo, 4 00 

Hanausek's Microscopy of Technical Products. Winton) 8vo, 5 00 

* Haskins and Macleod's Organic Chemistry z2mo, 2 00 

Helm's Principles of Mathematical Chemistry. (Morgan) z2mo, z 50 

Hering's Ready Reference Tables (Conversion Factors) z6mo, mor. 2 50 

* Herrick's Denatured or Industrial Alcohol 8vo, 4 00 

Hinds's Inorganic Chemistry Svo, 3 00 

* Laboratory Manual for Students i2mo, i 00 

* Holleman's Laboratory Manual of Organic Chemistry for Beginners. 

(Walker) z2mo, z 00 

Text-book of Inorganic Chemistry. (Cooper) Svc, 2 50 

Text-book of Organic Chemistry. (Walker and Mott) Svo, 2 50 

Hcdley and Ladd's Analysis of Mixed Paints, Color Pigments, and Varnishes. 

Large z2mo, 2 50 
4 



Hopkins's Oil-chemists' Handbook Sto, 3 00 

Iddings's Rock Minerals 8vo« 5 00 

Jackson's Directions for Laboratory Work in Phjrsiological Chemistry. .8yo, z 25 

Johannsen's Determination of Rock-forming Minerals in Thin Sections.. .8vo, 4 00 
Johnson's Chemical Analysis of Special Steels. (In Preparation.) 

Keep's Cast Iron. 8vo, 2 50 

Ladd's Manual of Quantitative Chemical Analjrsis i2mo, i 00 

Landauer's Spectrum Analysis. (Tingle) 8vo» 3 00 

* liangwurthy and Austen's Occiirrence of Aluminium in Vegetable Prod- 

ucts, Animal Products, and Natural Waters 8vo, :: 00 

Lassar-Cohn's Application of Some General Reactions to Investigations in 

Organic Chemistry. (Tingle) i2mo, 1 00 

Leach's Inspection and Analysis of Food with Special Reference to State 

Control. 8vo, 7 50 

Lob's Electrochemistry of Organic Compounds. (Lorenz) 8vo, 3 00 

Lodge's Notes on Assaying and Metallurgical Laboratory Experiments. .. .8vo, 3 00 

Low's Technical Method of Ore Analysis 8vo, 3 00 

Lunge's Techno-chemical Analysis. (Cohn).."*. Z2mo, i 00 

* McKay and Larsen's Principles and Practice of Butter-making ...... .8vo, i 50 

Maire's Modem Pigments and their Vehicles i2mo, 2 00 

Mandel's Handbook for Bio-chemical Laboratory i2mo, z 50 

* Martin's- Laboratory Guide to Qualitative Analysis with the Blowpipe . . z2mo, 60 
Mason's Examination of Water. (Chemical and Bacteriological.). . . .i2mo» z 25 

Water-supply. (Considered Principally from a Sanitary Stan dpi 

8vo, 4 00 

Matthews's Textile Fibres. 2d Edition, Rewritten 8vo, 4 00 

* Meyer's Determination of Radicles in Carbon Compounds. (Tingle). . i2mOy z 25 
Miller's Cyanide Process i2mo, z 00 

Manual of Assaying i2mo, z 00 

Minet's Production of Aluminum and its Industrial Use. (Waldo) z2mo, 2 50 

Mixter's Elementary Text-book of Chemistry. z2mo, z 50 

Morgan's Elements of Physical Chemistry z2mo, 3 00 

Outline of the Theory of Solutions and its Results z2mo, z 00 

* Physical Chemistry for Electrical Engineers z2mo, z 50 

Morse's Calculations used in Cane-sugar Factories i6mo, mor. z 50 

* Muir's History of Chemical Theories and Laws 8vo, 4 00 

Mulliken's General Method for the Identification of Pure Organic Compounds. 

VoL I Large 8vo, 5 00 

O'Driscoll's Notes on the Treatment of Gold Ores 8vo, 2 00 

Ostwald's Conversations on Chemistry. Part One. (Ramsey) zsmo, z 50 

" " " Part Two. (Turnbull) i2mo, 2 00 

* Palmer's Practical Test Book of Chemistry i2mo, z oq 

* Pauli's Physical Chemistry in the Service of Medicine. (Fischer) i2mo, z 25 

* Penfield's Notes on Determinative Mineralogy and Record of Mineral Tests. 

8vo, paper, 50 

Tables of Minerals, Including the Use of Minerals and Statistics of 

Domestic Production 8vo, z 00 

Pictet's Alkaloids and their Chemical Constitution. (Biddle) 870, 5 00 

Poole's Calorific Power of Fuels 8vo, 3 00 

PreScott and Winslow's Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis z2mo, z 50 

* Reisig's Guide to Piece-dyeing « 8vo, 35 00 

Richards and Woodman's Air, Water, and Food from a Sanitary Standpoint.. 8vo , 2 00 

Ricketts and Miller's Notes on Assaying 8vo, 3 00 

Rideal's Disinfection and the Preservation of Food 8vo, 4 00 

Sewage and the Bacterial Purification of Sewage 8vo. 4 00 

Riggs's Elementary Manual for the Chemical Laboratory 8vo, z 25 

Robine and Lenglen's Cyanide Industry. (Le Clerc) 8vo, 4 00 

Ruddiman's Incompatibilities in Prescriptions 8vo, 2 00 

Whys in Pharmacy Z2mo, z 00 
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Ruer's Elements of Metallosraphy. (Mathewson) (In Preparation.) 

Sabin's Industrial and Artistic Technology of Paints and Varnish 8vo, 

Salkowski's Physiological and Pathological Chemistry. (Omdorff) 8vo, 

Schimprs Essentials of Volumetric Analysis i2mo, 

* Qualitative Chemical Analysis 8vo, 

Text-book of Volumetric Analysis z2mo, 

Smith's Lecture Notes on Chemistry for Dental Students '. .8vo, 

Spencer's Handbook for Cane Sugar Manufacturers i6mo, mor. 

Handbook for Chemists of Beet-sugar Houses i6mo, mor. 

Stockbridge's Rocks and Soils 8vo, 

* Tillman's Descriptive General Chemistry 8vo, 

* Elementary Lessons in Heat 8vo, 

Treadwell's Qualitative Analysis. (HaU) 8vo» 

Quantitative Analjrsis. (Hall) 8vo, 

Turneaure and Russell's Public Water-supplies 8vo, 

Van Deventer's Physical Chemistry for Beginners. (Boltwooid) i2mo, 

Venable's Methods and Devices for Bacterial Treatment of Sewage 8vo, 

Ward and Whipple's Freshwater Biology. (In Press.) 

Ware's Beet-sugar Manufacture and Refining. Vol. I Small 8vo, 

Vol.11 SmallSvo, 

Washington's Manual of the Chemical Analysis of Rocks 8vo, 

* Weaver's Military Explosives 8vo, 

Wells's Laboratory Guide in Qualitative Chemical Analysis 8vo, 

Short Course in Inorganic Qualitative Chemical Analysis for Engineering 
Students i2mo, 

Text-book of Chemical Arithmetic i2mo, 

Whipple's Microscopy of Drinking-water 8vo, 

Wilson's Chlorination Process i2mo, 

Cyanide Processes i2mo, 

Winton's Microscopy of Vegetable Foods 8vo, 



CIVIL ENGINEERING. 

BRIDGES AND ROOFS. HYDRAULICS. MATERIALS OF ENGINEER- 
ING. RAILWAY ENGINEERING. 

Baker's Engineers' Surveying Instruments z2mo, 3 00 

Bixby's Graphical Computing Table Paper 19*"^: 2.\\ inches. 25 

Breed and Hosmer's Principles and Practice of Surveying. 2 Volumes. 

Vol. I. Elementary Surveying 8vo, 3 00 

Vol. II. Higher Surveying 8vo, 2 50 

* Burr's Ancient and Modem Engineering and the Isthmian Canal .... 8vo, 3 50 
Comstock's Field Astronomy for Engineers 8vo, 2 50 

* Corthell's Allowable Pressures on Deep Foundations i2mo, i 25 

Crandall's Text-book on Geodesy and Least Squares 8vo, 3 00 

Davis's Elevation and Stadia Tables 8vo, i 00 

Elliott's Engineering for Land Drainage i2mo, i 50 

Practical Farm Drainage i2mo, i 00 

*Fiebeger's Treatise on Civil Engineering ,. .8vo, 5 00 

Flemer's Phototopographic Methods and Instruments 8vo, 5 00 

Folwell's Sewerage. (Designing and Maintenance.) 8vo, 3 00 

Freitag's Architectural Engineering 8vo, 3 50 

French and Ives's Stereotomy 8vo, 2 50 

Goodhue's Municipal Improvements i2mo, z 50 

Gore's Elements of Geodesy 8vo, 2 50 

* Hauch's and Rice's Tables of Quantities for Prelinrinary Estimates . . z2mo, z 25 

Hayford's Text-book of Geodetic Astronomy 8vo, 3 00 

Bering's Ready Reference Tables. (Conversion Factors) i6mo, mor. 2 50 

Howe's Retaining Walls for Earth. z2mo, z 25 

6 



* lyes's Adjustments of the Engineer's Trandt and Level x6mo, Bds. 25 

Ives and Hilts's Problems in Surveying i6mo, mor. i 50 

Johnson's (J. B.) Theory and Practice of Surveying Small 8vo, 4 00 

Johnson's (L. J.) Statics by Algebraic and Graphic Methods 8vo, 2 00 

Kinnicutt, Winslow and Pratt's Purification of Sewage. (In Preparation^) 
Laplace's Philosophical Essay on Probabilities. 'Tnxscott and Emory) 

zamo, 2 00 

Mahan's Descriptive Geometry 8vo, i 50 

Treatise on Civil Engineering. (1873.) (Wood) 8vo, 5 00 

Merriman's Elements of Precise Surveying and Geodesy 6vo, 2 50 

Merriman and Brooks's Handbook for Surveyors i6mo, mor. 2 00 

Nugent's Plane Surveying 8vo, 3 50 

Ogden's Sewer Construction. (In Press.) 

Sewer Design i2mo, 2 00 

Parsons's Disposal of Municipal Refuse 8vo, 2 00 

Patton's Treatise on Civil Engineering 8vo, half leather, 7 50 

Reed's Topographical Drawing and Sketching 4to, 5 00 

Rideal's Sewage and the Bacterial Purification of Sewage 8vo, 4 00 

Riemer's Shaft-sinking under Difficult Conditions. (Coming and Peele). . . 8vo, 3 00 

Siebert and Biggin's Modern Stone-cutting and Masonry 8vo, i 50 

Smith's Manual of Topographical Drawing. (McMillan) 8vo, 2 50 

Soper's Air and Ventilation of Subwajrs Large i2mo, 2 50 

Tracy's Plane Surveying i6mo, mor. 3 00 

* Trautwine's Civil Engineer's Pocket-book. i6mo, mor. 5 00 

Venable's Garbage Crematories in America 8vo, 2 00 

Methods and D.evices for Bacterial Treatment of Sewage 8vo, 3 00 

Waifs Engineering and Architectural Jurisprudence 8vo, 6 <k» 

Sheep, 6 50 

Law of Contracts 8vo, 3 oa 

Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vo, 5 CO 

Sheep, 5 50 

Warren's Stereotomy — Problems in Stone-cutting 8vo, 2 5a 

* Waterbury's Vest-Pocket Hand-book of Mathematics for Engineers. 

2iX 5^ inches, mor. i oa 
Webb's Problems in the Use and Adjustment of Engineering Instnmients. 

i6mo, mor. x 35- 

Wilson's (H. N.) Topographic Surveying 8vo. 3 5a 

Wilson's (W. L.) Elements of Railroad Track and Construction. (In Press.) 

BRIDGES AND ROOFS. 

Boiler's Practical Treatise on the Construction of Iron Highway Bridges 8vo 2 o» 

Burr and talk's Design and Construction of MetaUic Bridges 8vo*, 5 00 

Influence Lines for Bridge and Roof Computations 8vo * 3 00 

Du Bois's Mechanics of Engineering. Vol H Small 4to* zo 00 

Foster's Treatise on Wooden Trestle Bridges. 4to * 5 00 

Fowler's Ordinary Foundations .*.*.*..'..'. 8vo* «a 

French and Ives's Stereotomy * ] ' ] » * Z^ 

Greene's Arches in Wood, Iron, and Stone !!!!!!!!!!!!!! 8vo* 2 sL 

Bridge Trusses « * ^ 

Roof Trusses o 

8vo, I as 

Grimm's Secondary Stresfles in Bridge TniBses 8vo 3 <a 

HeUer's Stresses in Structures and the Accompanying li^om&tionB 8vo ' « L 

Howe's Design of Simple Roof-trusses in Wood and Steel 8vo' a 00 

Symmetrical Masonry Arches. g^^* ^ 

Treatise on Arches g^ * 

Johnson, Bryan, and Tumeaure's Theory and Pmctice in the Designing of ^ ^ 

Modem Framed Structures. SmaU4to, 10 00 

7 



Merriman and Jacoby's Text-book on Roofs and Bridges: 

Part I. Stresses in Simple Trusses Syo, 2 50 

Part IL Graphic Statics 8vo, 2 50 

Part in. Bridge Design 8vo, 2 50 

Part IV. Higher Structures 8vo, 2 so 

Morison's Memphis Bridge Oblong 4to, 10 00 

Sondericker's Graphic Statics, with Applications to Trusses, Beams, and Arches. 

8vo, 2 00 

Waddell's De Pontibixs, Pocket-book for Bridge Engineers ...... z6mo, mor, 2 00 

* Specifications for Steel Bridges i2mo, 50 

Waddell and Harrington's Bridge Engineering. (In Preparation.) 

Wright's Designing of Draw-spans. Two parts in one volume. 870, 3 50 



HYDRAULICS. 

Barnes's Ice Formation 8vo, 3 00 

Bazin's Experiments upon the Contraction of the Liquid Vein Issuing from 

an Orifice. (Trautwine) 8vo, 2 00 

Bovey*8 Treatise on Hydraulics. 8vo, 5 00 

Church's Diagrams of Mean Velocity of Water in Open Channels. 

Oblong 4to, paper, i 50 

Hydraulic Motors 8vo, 2 00 

Mechanics of Engineering 8vo, 6 00 

Coffin's Graphical Solution of Hydraulic Problems x6mo, mor. 2 50 

Flather's Dynamometers, and the Measurement of Power 12 mo, 3 00 

Folwell's Water-supply Engineering 8vo, 4 00 

Frizell's Water-power 8vo, 5 00 

Fuertes's Water and Public Health X2mo, i 50 

Water-filtration Works Z2mo, 2 50 

Ganguillet and Kutter's General Formula for the Uniform Flow of Water in 

Rivers and Other Channels. CHering and Trautwine) 8yo» 4 00 

Hazen*8 Clean Water and How to Get rt , Large i2mo, i 50 

Filtration of Public Water-supplies 8vo, 3 00 

Hazlehurst's Towers and Tanks for Water-works 8vo, 2 50 

Herschel's 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 

Conduits 8vo, 2 00 

Hoyt and Grover's River Discharge 8vo, 2 00 

Hubbard and Kiersted's Water-works Management and Maintenance 8vo, 4 co 

* Lyndon's Development and Electrical Distribution of Wai'er Power. . . .8vo, 3 00 
Mason's Water-supply. (Considered Principally from a Sanitary Standpoint.) 

8vo, 4 00 

Merriman's Treatise on Hydraulics .8vo, 5 00 

* Michie's Elements of Analytical Mechanics 8vo» 4 00 

* MoUtor's Hydraulics of Rivers, Weirs nn'f Sluice? J?vo, 2 00 

Schuyler's Reservoirs for Irrigation, Water-power, and Domestic Water- 
supply. Large 8vo, 5 00 

* Thomas and Watt's Improvement of Rivers 4to, 6 00 

Tumeaure and RusseD's Public Water-supplies 8vo, 5 00 

Wegmann's Design and Construction of Dams. 5th Ed., enlarged 4*0, 6 00 

Water-supply of the City of New York from 1658 to 1895 ito, 10 00 

Whipple's Value of Pure Water Large i2mo, i 00 

Williams and Hazen's Hydraulic Tables 8vo, i 50 

Wilson's Irrigation Engineering Small 8vo, 4 00 

WolfPs Windmill as a Prime Mover 8vo, 3 00 

Wood's Elements of Analytical Mechanics 8vo, 3 00 

Turbines 8vo, 2 50 
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MATERIALS OF ENGINEERING. 

Baker's Roads and Pavements. 8vo, 

Treatise on Masonry Construction. 8vo« 

Birkmire's Architectural Iron and SteeL 8vo, 

Compound Riveted Girders as Applied in Buildings 8vo. 

Black's United States Public Works Oblong 4tQ, 

Bleininger's Manufacture of Hydraulic Cement. (In Preparation.) 

* Bovey's Strength of Materials and Theory of Structures 8vo, 

Burr's Elasticity and Resistance of the Materials of Engineering 8vo, 

Byrne's Highway Construction 8vo, 

Inspection of the Materials and Workmanship Employed in Construction. 

i6mo, 

Church's Mechanics of Engineering 8vo, 

Du Bois's Mechanics of Engineering. 

Vol. I. Kinematics, Statics, Kinetics Small 4to, 7 50 

VoL IL The Stresses in Framed Structures, Strength of Materials and 

Theory of Flexures. Small 4to, i 

"■Eckel's Cements, Limes, and Plasters 8vo, 

Stone and Clay Products used in Engineering. (In Preparation.) 

Fowler's Ordinary Foundations. 8vo, 

Graves's Forest Mensuration 8vo, 

Green's Principles of American Forestry x2mo, 

* Greene's Structural Mechanics. 8vo, 

Holly and Ladd's Analjrsis of Mixed Paints, Color Pigments and Varnishes 

Large lamo, 
Johnson's (C. M.) Chemical Analysis of Special Steels. (In Preparation.) 

Johnson's (J* B.) Materials of Construction Large 8vo, 

Keep's Cast Iron. 8vo, 

Kidder's Architects and Builders' Pocket-book i6mo, 

Lanza's Applied Mechanics 8vo, 

Maire's Modern Pigments and their Vehicles ... ^. . . z2mo, 

Martens's Handbook on Testing Materials. (Henning) 2 vols 8vo, 

Maurer's Technical Mechanics 8vo, 

Merrill's Stones for Building and Decoration 8vo, 

Merriman's Mechanics of Materials 8vo, 

* Strength of Materials i2mo, 

MetcalTs SteeL A Manual for Steel-users i2mo, 

Morrison's Highway Engineering 8vo. 

Patton's Practical Treatise on Foundations 8vo, 

Rice's Concrete Block Manufacture 8vo, 

Richardson's Modem Asphalt Pavements 8vo» 

Richey's Handbook for Superintendents of Construction xOmo, mor. 

* Ries's Clays: Their Occurrence, Properties, and Uses 8vo, 

Sabin's Industrial and Artistic Technology of Paints and Varnish 8vo, 

*Schwarz»sLongleaf Pine in Virgin Forest "mo, 

Snow's Principal Species of Wood *^o» 

Spalding's Hydraulic Cement "™**» 

Text-book on Roads and Pavements "mo, 

Taylor and Thompson's Treatise on Concrete, Plain and Reinforced 8vo, 

Thurston's Materials of Engineering. In Three Parts 8vo. 

Part I. Non-metaffic Materials of Engineering and Metallurgy 8vo, 

Part n. Iron and SteeL 8^°« 

Part m. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents ^^°» 

Tlllson's Street Pavements and Paving Materials : . .8vo, 

Tumeanw and Maurer's Principles of Reinfbrced Concrete Construction • 8vo, 
Watcrbtiry*8 Manual of InstmctionsJor the Use of Students in Cement Labora- 
tory Practice. CIn Press.) 
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Wood's (De V.) Treatise on the Resistance of Materials* and an Appendix on 

the Preservation of Timber 8vo, 2 00 

Wood's {JUL P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel 8vo, 4 00 

RAILWAY ENGINEERING. 

Andrews's Handbook for Street Railway Engineers 3x5 inches, mor. i 25 

Berg's Buildings and Structures of American Railroads 4to, 5 00 

Brooks's Handbook of Street Railroad Location. i6mo, mor, i 50 

Butt's Civil Engineer's Field-book i6mo, mor. 2 50 

Crandall's Railway and Other Earthwork Tables. 8vo, i 50 

Transition Curve i6mo, mor. i 50 

* Crockett's Methods for Earthwork Computations 8vo, i 50 

Dawson's "Engineering" and Electric Traction Pocket-book i6mo, mor. 5 00 

Dredge's History of the Pennsylvania Railroad: (1879) Paper, 5 00 

Fisher's Table of Cubic Yards Cardboard, 25 

Godwin's Railroad Engineers' Field-book and Explorers' Guide. . . i6mo, mor. 2 50 
Hudson's Tables for Calculating the Cubic Contents of Excavations and Em- 
bankments 8vo, I 00 

Ives and Hilts'c Problems in Surveying, Railroad Surveying and Geodesy 

i6mo, mor. i 50 

Molitor and Beard's Manual for Resident Engineers i6mo, i 00 

Nagle's Field Manual for Railroad Engineers z6mo, mor. 3 00 

Philbrick's Field Manual for Engineers. i6mo, mor. 3 00 

Raymond's Railroad Engineering. 3 volumes. 

VoL L Railroad Field Geometry. (In Preparation.) 

VoL II. Elements of Railroad Engineering 8vo, 3 50 

Vol. III. Railroad Engineer's Field Book. (In Preparation.) 

Searles's Field Engineering. i6mo, mor. 3 00 

Railroad SpiraL z6mo, mor. i 50 

Taylor's Prismoidal Formulse and Earthwork ^. 8vo, i 50 

"■Trautwine's Field Practice of Laying Out Circular Curves for Railroads. 

i2mo. mor. 2 50 

* Method of Calculating the Cubic Contents of Excavations and Embank- 

ments by the Aid of Diagrams 8vo, 2 00 

Webb's Economics of Railroad Construction Large Z2mo, 2 50 

Railroad Construction. i6mo, mor. 5 00 

Wellington's Economic Theory of the Location of Raihrays Small 8vo, 5 00 

DRAWING. 

Barr's Kinematics of Machinery 8vo, 2 50 

* Bartlett's Mechanical Drawing. 8vo, 3 00 

* " " " Abridged Ed. 8vo, 150 

Coolidge's Manual of Drawing 8vo, paper, i 00 

Coolidge and Freeman's Elements ot (xeneral Diafting for Mechanical £ngi« 

neers Oblong 4to, 2 50 

Durley's Kinematics of Machines. 8vo, 4 00 

Emch's Introduction to Projective Geometry and its Applications. 8vo, 2 50 

Hill's Text-book on Shades and Shadows, and Perspective 8vo, 2 00 

Jamison's Advanced Mechanical Drawing 8vo, 2 00 

Elements of Mechanical Drawing 8vo, 2 50 

Jones's Machine Design: 

Part I. Kinematics of Machinery. 8vo, x 50 

Part n. Form, Strength, and Proportions of Parts. 8vo, 3 00 

MacCord's Elements of Descriptive Geometry. 8vo, 3 oc 

Kinematics; or, Practical Mechanism. 8vo, 5 00 

Mechanical Drawing. , 4to, 4 00 

Velocity Diagrams 8vo, z 50 
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HcLeod's Descriptive Geometry Large z2mo» 

* Mahan's Descriptive Geometry and Stone-cutting 8vo, 

industrial Drawing. (Thonii>son ) 8vo, 

Moyer's Descriptive Geometry 8vo, 

Reed's Topographical Drawing and Sketching 4to, 

Reid's Course in Mechanical Drawing Svo, 

Text-book of Mechanical Drawing and Elementary Machine Design. Svo, 

Robinson's Principles of Mechanism Svo, 

Schwamb an4 Merrill's Elements of Mechanism Svo, 

Smith's (R. S.) Manual of Topographical Drawing. (McMillan) Svo, 

Smith (A. W.) and Marx's Machine Design Svo, 

* Titsworth's Elements of Mechanical Drawing Oblong Svo, 

Warren's Drafting Instruments and Operations. i2mo. 

Elements of Descriptive Geometry, Shadows, and Perspective Svo, 

Elements of Machine Construction and Drawing Svo, 

Elements of Plane and Solid Free-hand Geometrical Drawing i2mo. 

General Problems of Shades and Shadows Svo, 

Manual of Elementary Problems in the Linear Perspective of Form and 

Shadow i2mo. 

Manual of Elementary Projection Drawing i2mo. 

Plane Problems in Elementary Geometry •. . i2mo, 

Problems, Theorems, and Examples in Descriptive Geometry Svo, 

Weisbach's Kinematics and Power of Transmission. (Hermann and 
Klein) Svo, 

Wilson's (H. M.) Topographic Surveying Svo, 

Wilson's (V. T.) Free-hand Lettering Svo, 

Free-hand Perspective Svo, 

Woolf's Elementary Course in Descriptive Geometry Large Svo, 

ELECTRICITY AND PHYSICS. 

* Abegg's Theory of Electrolytic Dissociation, (von Ende) i2mo, 

Andrews's Hand-Book for Street Railway Engineering .... 3 X 5 inches, mor. 

Anthony and Brackett's Text-book of Physics. (Magle) Large i2mo, 

Anthony's Lecture-notes on the Theory of. Electrical Measurements. . . .z2mo, 
Benjamin's History of Electricity Svo, 

Voltaic Cell. Svo, 

Betts's Lead Refining and Electrolysis Svo, 

Classen's Quantitative Chemical Anal3rsis by Electrol3rsi8. (Boltwood)..Svo, 

* Collins's Manual of Wireless Telegraphy. i2mo, 

Mor. 
Crehore and Squier's Polarizing PhotO'Chronograph Svo, 

* Danneel's Electrochemistry. (Merriam) i2mo, 

Dawson's "Engineering" and Electric Traction Pocket-book .... i6mo, mor. 

Dolezalek's Theory of the Lead Accumulator (Storage Battery), (von Ende) 

z2mo, 

Duhem's Thermodynamics and Chemistry. (Burgess) Svo, 

Flather's Dynamometers, and the Measurement of Power i2mo, 

Gilbert's De Magncte. (Mottclay) Svo, 

* Hanchett's Alternating Currents i2mo, 

Bering's Ready Reference Tables (Conversion Factors) i6mo, mor. 

* Hob art and Ellis's High-speed Dynamo Electric Machinery Svo^ 

Holman's Precision of Measurements Svo, 

Telescopic Mirror-scale Method, Adjustments, and Tests. . . .Large Svo, 

* KaiapetofiF's Experimental Electrical Engineering Svo, 

Kinzbnmner's Testing of Continuous-current Machines Svo, 

Landauer's Spectrum Analysis. (Tingle). Svo, 

Le Chatelier's High-temperature Measurements. (Boudouard — Burgess).. i2mo. 
Lob's Electrochemistry of Organic Compounds. (Lorenz) Svo, 

* Lcndon'8 Development and Electrical Distribntion of Water Power . . . .8to, 
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* Lyons's Treatiie on Electromagnetic Phenomena. Vols. I. and 11. Syo, each, 6 oo 

* Michie's Elements of Wave Motion Relating to Sound and Light 8yo, 4 00 

Morgan's Outline of the Theory of Solution and its Results X2mo, z 00 

* Physical Chemistry for Electrical Engineers Z2m0t i 50 

Niaudet's Elementary Treatise on Electric Batteries. (Fishback). . . .Z2mo, 2 50 

* Norris's Introduction to the Study of Electrical Engineering 8vo, 2 50 

* Parshall and Hobart's Electric Machine Design. 4to, half mor. 12 50 

Reagan's Locomotives: Simple, Compound, and Electric. New Edition. 

Large X2mo, 3 50 

* Rosenberg's Electrical Engineering. (Haldane Gee — Kinzbrunner). .. .8to, 2 co 

Ryan, Norris, and Hozie's Electrical Machinery. VoL 1 8vo, 2 50 

Sjhapper's Laboratory Guide for Students in Physical Chemistry i2mo, i 00 

* Tillman's Elementary Lessons in Heat 8vo, x 50 

Tory and Pitcher's Manual of Laboratory Physics. Large i2mo, 2 00 

Ulke's Modem Electrolsrtic Copper Refining » Svo, 3 00 

LAW. 

* Davis's Elements ot Law 8vo, 2 50 

* Treatise on the Military Law of United States. 8vo, 7 00 

* Sheep, 7 50 

* Dudley's Military Law and the Procedure of Courts-martial . . . .Large 12 mo, 2 50 

Manual for Courts-martiaL i6mo, mor. i 50 

Wait's Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

Law of Contracts. 8vo, 3 00 

I^w of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vc 5 00 

Sheep, 5 50 

MATHEMATICS. 

Baker's Elliptic Functions 8vo, z 50 

Briggs's Elements of Plane Analytic Geometry. (B6cher) z2mo, i 00 

*Bac]ianan'8 Plane and Spherical Trigonometry 8vo, x 00 

Byerley's Harmonic Functions 8vo, x 00 

Chandler's Elements of the Infinitesimal Calculus i2mo, 2 00 

Compton's Manual of Logarithmic Computations i2mo, x 50 

* Dickson's College Algebra Large i2mo, z 50 

* Introduction to the Theory of Algebraic Equations Large i2mo, x 25 

Emch's Introduction to Projective Geometry and its Applications 8vo, 2 50 

Fiske's Functions of a Complex Variable 8vo, x 00 

Halsted's Elementary Synthetic Geometry 8vo, x 50 

Elements of Geometry 8vo, i 75 

* Rational Geometry X2mo, z 50 

Hyde's Grassmann's Space Analysis 8vo, z 00 

*■ Jonnson's (J- B.) Three-place Logarithmic Tables: Vest-pocket size, paper, z5 

100 copies, 5 00 

* Mounted on heavy cardbo«ird, 8X10 inches, 25 

zo copies, 2 00 

Johnson's (W. W.) Abridged Editions of Differential and Integral Calculus 

Large z2mo, z voL 2 50 

Curve Tracing in Cartesian Co-ordinates Z2mo, z 00 

Differential Equations Svo, i 00 

Elementary Treatise on Differential Calculus Large lamo, z 50 

Elementary Treatise on the Integral Calculus Large z2mo, z 50 

* Theoretical Mechanics Z2mo, 3 00 

Theory of Errors and the Method of Least Squares Z2mo, z 50 

Treatise on Differential Calculus Large Z2mo, 3 00 

Treatise on the Integral Calculus Large Z2mo, 3 00 

Treatise on Ordinary and Partial Differential Equations. . Large z2mo» 3 50 
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Laplace's Plulosophical Essay on Probabilities. (Truscott and Emory )..i2mo, 2 00 

* Ludlow and Bass's Elements of Trigonometry and Logarithmic and Other 

Tables 8vo, j 00 

Trigonometry and Tables published separately Each, 2 00 

* Ludlow's Logarithmic and Trigonometric Tables 8vo, i 00 

Macfarlane*s Vector Analysis and Quaternions 8vo, z 00 

McMahon^s Hyperbolic Functions 8vo, x 00 

Manning's Irrational Numbers and their Representation by Sequences and 

Series i2mo, i 25 

Mathematical Monographs. Edited by Mansfield Merriman and Robert 

S. Woodward. Octavo, each 1 00 

No. X. History of Modern Mathematics, by David Eugene Smith. 
No. 2. Synthetic Projective Geometry, by George Bruce Halsted. 
No, 3. Determinants, by Laenas Gifford Weld. No. 4. Hyper- 
bolic Functions, by James McMahon. No. s. Harmonic Func- 
tions, by WiUiam E. Byerly. No. 6. Grassmann's 3pace Analysis, 
by Edward W. Hyde. No. 7. Probability and Theory of Errors, 
by Robert S. Woodward. No. 8. Vector Analysis and Quaternions, 
by Alexander Macfarlane. No. 9. Differential Equations, by 
William Woolsey Johnson. No. 10. The Solution of Equations, 
by Mansfield Merriman. No. iz. Functions of a Complex Variable, 
by Thomas S. Fiske. 

Maurer'<i Technical Mechanics 8vo, 4 00 

Merriman's Method of Least Squares 8vo, 2 00 

Solution of Equations 8vo, i 00 

Rice and Johnson's Differential and Integral Calculus. 2 vols, in one. 

Large 12 mo, i 50 

Elementary Treatise on the Differential Calculus. Large z2mo, 3 00 

Smith's History of Modern Mathematics 8vo, i 00 

* Veblen and Lennes's Introduction to the Real Infinitesimal Anal3rsis of One 

Variable 8vo, 2 00 

* Waterbury's Vest Pocket Hand-Book of Mathematics for Engine rs. 

i 2iX5l inches, mor. i 00 

Weld's Determinations 8vo, i co 

Wood's Elements of Co-ordinate Geometry. 8vo, 2 00 

Woodward's Probability and Theory of Errors 8vo, z o3 

MECHANICAL ENGINEERING. 

MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 

Bacon's Forge Practice i2mo, i 50 

Baldwin's Steam Heating for Buildings i2mo, 2 50 

Bair's Kinematics of Machinery 8vo, 2 50 

* Bartlett's Mechanical Drawing 8vo, 3 00 

* " " " Abridged Ed 8vo, 150 

Benjamin's Wrinkles and Recipes i2mo, 2 00 

* Burr's Ancient and Modern Engineering and the Isthmian Canal 8vo, 3 50 

Carpenter's Experimental Engineering 8vo, 6 00 

Heating and Ventilating Buildings 8vo, 4 00 

Clerk's Gas and Oil Engine Large i2mo, 4 00 

Compton's First Lessons in Metal Working i2mo, z 50 

Compton and De Groodt's Speed Lathe i2mo, i 50 

Coolidge's Manual of Drawing gvo, paper, i 00 

Coolidge and Freeman's Elements of General Drafting for Mechanical En- 
gineers Oblong 4to, 2 50 

Cromwell's Treatise on Belts and Pollejrs i2mo, i 50 

Treatise on Toothed Gearing x2mo, i 50 

Durley's Kinematics of Machines 8vo, 4 00 
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Flatber's Dynamometen and the Measurement of Power zamo, 

Rope Driving I2me, 

Gill's Gas and Fuel Analysis for Engineers lamo, 

GoBs'.i Locomotive Sparks 8vo, 

Greene's Pumping Machinery. (In Preparation.) 

Bering's Ready Reference Tables (Conversion Factors) i6mo, mor. 

* Hobart and EUis's High Speed Dynamo Electric Machinery 8vo. 

Hutton's Gas Engine 8vo, 

J&mison's Advanced Mechanical Drawing 8vo, 

Elements of Mechanical Drawing 8vo, 

Jones's Machine Design: 

Part I. Kinematics of Machinery 8vo, 

Part IL Form, Strength, and Proportions of Parts 8vo, 

Kent's Mechanical Engineers' Pocket-book i6mo, mor. 

Kerr's Power and Power Transmission 8vo, 

Leonard's Machine Shop Tools and Methods' 8vo, 

* Lorenz's Modern Refrigerating Machinery. (Pope, Haven, and Dean) . . . 8vo, 
MacCord's Kinematics: or. Practical Mechanism 8vo, 

Mechanical Drawing 4to, 

Velocity Diagrams 8vo, 

MacFarland's Standard Reduction Factors for Gases 8vo, 

Mahan's Industrial Drawing. (Thompson) 8vo, 

* Parshall and Hobart's Electric Machine Design Small 4to, half leather, 

Peele's Compressed Air Plant for Mines 8vo, 

Poole's Calorific Power of Fuels 8vo, 

* Porter's Engineering Reminiscences, 1855 to 1882 8vo, 

Reid's Course in Mechanical Drawing 8vo, 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 

Richard's Compressed Air zamo, 

Robinson's Principles of Mechanism 8vo, 

Schwamb and Merrill's Elements of Mechanism 8vo, 

Smith's (O.) Press-working of Metals 8vo, 

Smith (A. W.) and Marx's Machine Design 8vo, 

Sorel's Caibaretlngand Combustion in Aloohol Engines. (Woodwaid and Preston). 

Large 12 mo, 

Thurston's Animal as a Machine and Prime Motor, and the Laws of Energetics. 

zamo, 

Treatise on Friction and Lost Work in Machinery and Mill Work... 8vo, 

Tillson's Complete Automobile Instructor i6mo, 

mor. 

* Titsworth's Elements of Mechanical Drawing .Oblong 8vo, 

Warren's Elements of Machine Construction and Drawing 8vo, 

* Waterbury's Vest Pocket Hand Book of Mathematics for Engineers. 

2|X 5f inches, mor. 

Weisbach's Kinematics and the Power of Transmission. (Herrmann — 
Klein) 8vo, 

Machinery of Transmission and Governors. (Herrmann — Klein).. .8vo, 

Wood's Turbines 8vo, 

MATERIALS OF ENGINEERING. 

* Bovey's Strength of Materials and Theory of Structures 8vo, 7 50 

Burr's Elasticity and Resistance of the Materials of Engineering 8vo, 7 50 

Church's Mechanics of Engineering 8vo, 6 00 

* Greene's Structural Mechanics 8vo, a 50 

Holley and Ladd's Analysis of Mixed Paints, Color Pigments, and Varnishes. 

Large zamo, a 50 

Johnson's Materials of Construction. 8vo, 6 00 

Keep's Cast Iron 8vo, a 50 

Lanza's Applied Mechanics. 8vo« 7 so 
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Maire's Modern Pigments and their Vehicles i2mo, 

Martens*s Handbook on Testing Materials. (Henning) 8vo, 

Maurer's Technical Mechanics 8vo, 

Merriman's Mechanics of Materials 8vo, 

* Strength of Materials i2mo, 

Metcalf's SteeL A Manual for Steel-users i2mo, 

Sabin*s Industrial and Artistic Technology of Paints and Varnish 8yo, 

Smith's Materials of Machines i2mo, 

Thurston's Materials of Engineering 3 vols., 8vo, 

Part I. Non-metallic Materials of Engineering and Metallurgy . . . 8vo, 

Part n. Iron and SteeL 8vo, 

Part in. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 

Wood's (De V.) Elements of Analytical Mechanics 8vo, 

Treatise on the Resistance of Materials and an Appendix on the 

Preservation of Timber 8vo, 2 00 

Wood's (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel 8vo, 4 00 



STEAM-ENGINES AND BOILERS. 

Berry's Tempertfture-entropy Diagram z2mo, z 25 

Camot's Reflections on the Motive Power of Heat. (Thurston) i2mo, x 50 

Chase's Art of Pattern Making i2mo, 2 50 

Creighton's Steam-engine and other Heat-motors 8vo , 5 00 

Dawson's "Engineering" and Electric Traction Pocket-book z6mo, mor. 5 00 

Ford's Boiler Making for Boiler Makers. i8mo, i 00 

Gebhardt's Steam Power Plant Engineering. (In Press.) 

Goss's Locomotive Performance 8vo, 5 00 

Hemenway's Indicator Practice amd Steam-engine Economy i2mo, 2 00 

Button's Heat and Heat-engines 8vo, 5 00 

Mechanical Engineering of Power Plants 8vo, 5 00 

Kent's Steam boiler Economy 8vo, 4 00 

Kneass's Practice and Theory of the Injector 8vo, i 50 

MacCord's Slide-valves Svo, 2 00 

Meyer's Modern Locomotive Construction 4to, 10 00 

Moyer's Steam Turbines. (Tn Press.) 

Peabody's Manual of the Steam-engine Indicator i2mo, i 50 

Tables of the Properties of Saturated Steam and Other Vapors Svo, i 00 

Thermodynamics of the Steam-engine and Other Heat-engines Svo, 5 00 

Valve-gears for Steam-engines Svo, 2 50 

Peabody and Miller's Steam-boilers Svo, 4 00 

Pray's Twenty Years with the Indicator Large Svo, 2 5c 

Pupin's Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg) i2mo, 1 25 

Reagan's Locomotives: Simple, Compound, and Electric. New Edition. 

Large i2mo, 3 50 

Sinclair's Locomotive Engine Running and Management i2mo, 2 00 

Smart's Handbook of Engineering Laboratory Practice z2mo, 2 50 

Snow's Steam-boiler Practice Svo, 3 00 

Spangler's Notes on Thermodynamics z2mo, z 00 

Valve-gears .* Svo, 2 50 

Spangler, Greene, and Marshall's Elements o Steam-engineering Svo, 3 00 

Thomas's Steam-turbines Svo, 4 00 

Thurston's Handbook of Engine and Boiler Trials, and the Use of the Indi- 
cator and the Prony Brake Svo, 5 00 

Handy Tables Svo, z 50 

Manual of Steam-boilers, their resigns. Construction, and Operation..8vo, 5 00 
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Thurston's Manual of the Steam-engine a vols., 8yo, zo oo 

Part L History, Structure, and Theory 8vo, 6 oo 

Part IL Design, Construction, and Operation 8vo, 6 oo 

Steam-boiler Explosions in Theory and in Practice lamo, z 50 

Wehrenfenning's Analysis and Softening of Boiler Feed-water (Patterson) 8to, 4 00 

Weistwch's Heat, Steam, and Steam-engines. (Du Bois) 8vo, 5 00 

Whitham's Steam-engine Design. 8to, 5 00 

Wood's Thermodynamics! Heat Motors, and Refrigerating Machines. . .Svo, 4 00 

MECHANICS PX7RE AND APPLIED. 



00 



Church's Mechanics of Engineering 8vo, 6 

Notes and Examples in Mechanics 8yo, a 00 

Dana's Text-book of Elementary Mechanics for Colleges and Schools, .zamo, z 50 

Du Bois's Elementary Principles of Mechanics: 

VoL I. Kinematics 8vo, 3 50 

Vol II. SUtics 8vo, 4 00 

Mechanics of Engineering. VoL L Small 4to, 7 50 

VoL n Small 4to, 10 00 

^S&reene's Structural Mechanics. 8vo, a 50 

James's Kinematics of a Point and the Rational Mechanics of a Particle. 

Large i2mo, 2 00 

* Johnson's (W. W.) Theoretical Mechanics. zamo, 3 00 

Lanza's Applied Mechanics 8vo, 7 50 

* Martin's Text Book on Mechanics, VoL I, Statics zamo, z as 

* Vol. 2, Kinematics and Kinetics . .lamo, l 50 
Maurer's Technical Mechanics 8vo, 4 00 

* Merriman's Elements of Mechanics zamo, z 00 

Mechanics of Materials 8vo, 5 00 

* Michie's Elements of Analytical Mechanics 8vo, 4 00 

Robinson's Principles of Mechanism. ^ 8vo, 3 00 

Sanborn's Mechanics Problems Large zamo, z 50 

Schwamb and Merrill's Elements of Mechanism. 8vo, 3 00 

Wood's Elements of Analytical Mechanics 8to, 3 00 

Pfinciples of Elementary Mechanics zamo, i as 

MEDICAL. 

* Abderhalden's Physiological Chemistry in Thirty Lectures. (Hall and Defren) 

8vo, 
von Behring's Suppression of Tuberculosis. (Bolduan) lamo, 

* Bolduan'8 Tmmnnft Seia zamo, 

Davenport's Statistical Methods with Special Reference to Biological Varia- 
tions 1 6mo , mor. 

Ehrlich's Collected Studies on Immtmity. (Bolduan) 8vo, 

* Fischer's Physiology of Alimentation Large zamo, cloth, 

de Fursac's Manual of Psychiatry. (Rosanoff and Collins) Large zamo, 

Hammarsten's Text-book on Physiological Chemistry. (Mandel) 8vo, 

Jackson's Directions for Laboratory Work in Physiological Chemistry . . .8vo, 

Lassar-Cohn's Practical Urinary Analirsis. (Lorenz) zamo, 

Mandel's Hand Book for the Bic-Chemical Laboratory zamo, 

* Pauli's Physical Chemistry in the Service of Medicine. (Fischer) zamo, 

* Pozzi-Escot's Toxins and Venoms and their Antibodies. (Cohn) zamo, 

Rostoski's Serym Diagnosis. (Bolduan) zamo, 

Ruddiman's Incompatibilities in Prescriptions 8vo, 

Wh3rs in Pharmacy zamo, 

Salkowski's Physiological and Pathological Chemistry. (Omdorflf) 8vo, 

* Satterlee's Outlines of Human Embryology zamo, 

Smith's Lecture Notes on Chemistry for Dental Students 8vo, 
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Steel's Treatise on the Diseases of the Dog 8vo, 3 50 

* Whipple's Typhoid Fever Large lamo, 3 00 

Woodhull's Notes on Military Hygiene i6mo, i 50 

* Personal Hygiene i2mo, i 00 

Worcester and Atkinson's Small Hospitals Establishment and Maintenance, 

and S ggestions for Hospital Architecture, with Plans for a Small 

Hospital i2mo, z 25 

METALLURGY. 

Betts's Lead Refining by Electrolysis 8vo, 4 00 

Holland's Encyclopedia of Founding and Dictionary of Foundry Terms Used 

in the Practice of Moulding i2mo, 

Iron Founder i2mo, 

** " Supplement i2mo, 

Douglas's Untechnical Addresses on Technical Subjects i2mo, 

Goesel's Minerals and Metals: A Reference Book x6mo, mor. 

* Ues's Lead-smelting i2mo, 

Keep's Cast Iron 8vo, 

Le Chatelier's High-temperature Measurements. (Boudouard — ^Burgess) i2mo, 

Metcalfe Steel. A Manual for Steel-users • i2mo, 

Miller's Cyanide Process i2mo, 

Minet's Production of Aluminium and its industrial Use. (Waldo) . . .i2mo, 

Robipe and Lenglen's Cyanide Industry. (Le Cle^c) 8vo, 

Ruer's Elements of Metallography. (Mathewson) (In Press.) 

Smith's Materials of Machines X2mo, 

Thurston's Materials of Engineering. In Three Parts 8vo, 

Part I. Non-metallic Materials of Engineering and Metallurgy . . . 8vo, 

Part U. Iron and SteeL 8vo, 

Part HL A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 

Ulke's Modem Electrolytic Copper'Refining . 8vo, 

West's American Foundry Practice i2mo, 

Moulder's Text Book i2mo, 

Wilson's Chlorination Process 1 2mo, 

Cyanide Processes x^mo, 

MINERALOGY. 

Barringer's Description of Minerals of Commercial Value Oblong, mor. 2 50 

Boyd's Resources of Southwest Virginia 8vo, 3 00 

Boyd's Map of Southwest Virginia. Pocket-book form. 2 00 ' 

* Browning's Introduction to the Rarer Elements 8vo, i 50 

Brush's Manual of Determinative Mineralogy. (Penfield) 8vo, 4 00 

Butler's Pocket Hand-Book of Minerals i6mo, mor. 3 00 

Chester's Catalogue of Minerals 8vo, paper, 1 00 

Cloth, z 25 

* Crane's Gold and Silver. 8vo, 5 00 

Dana's First Appendix to Dana's New " System of Mineralogy. ." . .Large 8vo, i 00 

Manual of Mineralogy and Petrography i2mo 2 00 

Minerals and How to Study Them i2mo, i 50 

System of Mineralogy Large 8vo, half leather, 12 50 

Text-book of Mineralogy '■• -Svo, 4 00 

Touglas's Untechnical Addresses on Technical Subjects i2mo, i 00 

Eakle's Mineral Tables 8vo, i 25 

Stone and Clay Froducte Used in Engineering. ( In Preparation.) 

E«leston's Catalogue of Minerals and Synonyms 8vo, 2 50 

Goesel's Minerals and Metals : A Reference Book x6mo, mor. 3 00 

Groth's Introduction to Cbemical Crystallography (Marshall) i2mo, i 25 
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biddings'! Rock Minenb 8vo, 

Joih«nnnfti*8 Deterniination of Roek-forminc HinenUs in Thin Sections 8vo, 

* Martin's Laboratory Guide to Qualitative Analysis with the Blowpipe. i2mo, 
Merrill's Non-metallic Minerals: Their Occurrence and Uses 8to, 

Stones for BaildinK and Decoration 8vo, 

* Penfield's Notes on Determinative Mineralogy and Record of Mineral Tests. 

Svo, paper. 

Tables of Minenls, Tnftlqfllng t&A Use of Mitiffw^tft and Statistics of 

Domestic Prodnetion Svo, 

* Pirsson's Rocks and Rock Minerals lamo, 

* Richards's Synopsis of Mineral Characters i2mOi mor. 

* Ries's Clays: Their Occurrence, Properties, and Uses.. 8vo, 

* Tillman's Text-book of Important Minerab and Rocks Svo, 

MINING. 

* Beard's Mine Gases and Bzplosions Lar«e x2mo, 

Boyd's Map of Southwest Virginia Pocket-book iorm 

Resources of Southwest Virginia Svo, 

* Crane's Gold and Silver Svo, 

Douglas's Untechnica) Addresses on Technical Subjects i2mo 

Eissler's Modem High Explosives Svo, 

Goesel's Minerals and Metals : A Reference Book. i6mo, mor. 

Ihlseng's Manual of Mining Svo, 

* Des's Lead-smelting z2mo. 

Miller's Cyanide Process i2mo, 

O'Driscoll's Notes on the Treatment of Gold Ores Svo, 

Peele's Compressed Air Plant for Mines Svo, 

Riemer's Shaft Sinking Under Difficult Conditions. (Coming and Peele) . . .Svo, 
Robine and Lenglen's Cyanide Industry. (Le Clerc) Svo, 

* Weaver's Military Explosives Svo, 

Wilson's Chlorination Process. iimo. 

Cyanide Processes i2mo, 

Hydraulic and Placer Mining. 2d edition, rewritten z2mo, 

Treatise on Practical and Theoretical Mine Ventilation 12 mo, 

SANITARY SCIENCE. 

Association of State and National Food and Daiiy Departments, Hartford Meeting, 

1906 Svo, 3 00 

Jamestown Meeting, 1907 Svo, 3 00 

* Bashore's Outlines of Practical Sanitation i2mo, i 25 

Sanitation of a Country House i2mo, i 00 

Sanitation of Recreation Camps and Parks i2mo, i 00 

Folwell's Sewerage. (Designing, Construction, and Maintenance) Svo, 3 00 

Water-supply Engineering Svo, 4 00 

Fowler's Sewage Works Analirses Z2mo, 2 00 

Fuertes's Water-filtration Works. ". i2mo, 2 50 

Water and Public Health i2mo, i so 

Gerhard's Guide to Sanitary House-inspection i6mo, i 00 

* Modem Baths and Bath Houses Svo, 3 00 

Sanitation of Public Buildings i2mo, z 50 

Hazen's Clean Water and How to Get It Large z2mo, z so 

Filtration of Public Water-supplies Svo, 3 00 

Elinnicut, Winslow and Pratt's Purification of Sewage. (In Press.) 

Leach's Inspection and Analysis of Food with Special Reference to State 

Control Svo, 7 oo 

Mason's Examination of Water. (Chemical and Bacteriological) Z2mo, z 35 

Water-supply. (Considered Principally from a Sanitary Standpoint) . . Svo, 4 00 
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* Merrinuui's Elements of Sanitary Engineering 8to, 

Og:den*8 Sewer Design. i2mo» 

Paiaons's Disposal of Mimiclpal Refuse Syo, 

Prescott and Winslow's Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis lamo, 

* Price's Handbook on Sanitation. i2mo, 

, Richards's Cost of Food. A Study in Dietaries i2mo. 

Cost of Living as Modified by Sanitary Science zamo. 

Cost of Shelter lamo, 

* Richards and Williams's Dietary Computer 8vo, 

Richards and Woodman's Air, Water, and Food from a Sanitary Stand- 
point J 8vo, 

Rideal's Disinfection and the Preservation of Food gvo. 

Sewage and Bacterial Purification of Sewage 8vo, 

Soper's Air and Ventilation of Subways Large zimo, 

Turneaure and Russell's Public Water-supplies 8vo, 

Venable's Garbage Crematories in America 8vo, 

Method and Devices for Bacterial Treatment of Sewage 8vo, 

Ward and Whipple's Freshwater Biology. (In Press. ) 

Whipple's Microscopy of Drinking-water 8vo, 

*. Tsrphod Fever. Largo lamo. 

Value of Pure Water Large lamo, 

Winslow's Bacterial Classification. (In Press.) 

Winton's liicroscopy of Vegetable Foods. 8/0^ 7 50 

MISCELLANEOUS. 

Emmons's Geological Guide-book of the Rocky Mountain Excursion of the 

International Congress of Geologists Xarre 8vo, z 50 

Ferrel's Popular Treatise on the Winds. 8vo, 4 00 

Fitzgerald's Boston Machinist i8mo, z 00 

Gannett's Statistical Abstract of the World 24mo, 75 

Haines's American Railway Management i2mo, 2 50 

* Hanusek's The Microscopy of Technical Products. (Winton) 8vo, 5 00 

Ricketts's History of Rensselaer Polytechnic Institute 1824-1894. 

Large i2m(^ 3 00 

Rotherham's Emphasized New Testament , Large 8vo, 2 00 

Standage'8 Decoration of Wood, Glass, Metal, etc x2mo, a 00 

Thome's Structural and Physiological Botany. (Bennett) i6mo, 2 25 

Westeimaier's Compendium of General Botany. (Schneider) 8vo, 2 00 

Winslow's Elements of Applied Microscopy 120^ -y, z 50 



HEBREW AND CHALDEE TEXT-BOOKS. 

Green's Elementary Hebrew Grammar i2mo, z 25 

Gesenius's Hebrew and Chaldee Lexicon to the Old Testament Scr'.ptures. 

(Tregelles) Small 4to. half mor. 5 00 
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